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THE FLOW AND FORCE CHARACTERIBTICS OF SUPERSDNIC :
ATRFOILS AT E[G-H SUBSONIO SPEL‘DS

By W. F. Lindsey, Berna.z'cl ¥. Da.ley,
.and Milton D. Humpkreys

SUMMARY

- An investigation has been conducktsd st subsonic Mach numbers
in the Langley rectangular high-speed turmel on five supsrsonic air-
foils en?, for cowpariscn, on two subsonic alrfolls. Two-dimsmsional
dasa wers obhtalnsd bty pressure mﬂa.sursments end schlisren photograrhs
at engles of attack froam 0° to 4° for Mach mmbors between o.3o and
0.90 for these 6-peroe4n ~thick synme'l.ricd.l a,irfoils.

The resul’cs indicebed the.’c the drag coefficients are . generally
higher at subsonic Mach numbers for the o spergonic alrfoils than for
the subsonic alrfoils, but ithe normal-force and pitching-mament
characteristics of those supsrsonic alrfoils having thalr meximum
thickness located at the 0.7-chord station would diminish the
problems gen era.lly encouutterst in 1ong ud.'ina.l control at high Mach
nurvers. o , , o

The investlgation also revealed the occurrsnce of an wusual '
flow phenomeron abt the 1ead.ing- edgs of the supersonic airfolls at ths
higher Mach numters. is thencmenon, through the elimination of an
eztensive separated-flow condision over the forwerd part of the -
airfoll, effected a rather sulden ircreese in normal-force coeffi-
clent and. in some cases a decreaze In-the dreg coefficient. .

TNTRODUCTION -

. In ’che design of supersorﬁ.c a.ircra.f‘b 'bhe amount of Bweepback

_Incorporated in the 1lifting surfaces q,oald. Ffect the cholce of the
. type of profile for: those surfaces, If the, ccmp-onsnt of . stream’ .

" veloclty normel to the lesding edge of the 1lifting surface is
suhsonic, a rounded leading edge or su‘bsonic alrfoll might be used.
On the other hand, .1f .the normal camponsnt. of the .streem velocity is
supersonic, a she-.rp leading edgs or supersonic ailrfoil 1s definitely
nseded to minimize the wave registance. Since consideration of the
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structurel and stabllity requirements may limit the amount of sweep,
the velocity normal to the leading edge may necessarily be supersonic
and chearp-edge alrfolls are then required, The lifting surfaces of
supersonic airplanes and other hodles therefors might be expected o
have sharp leading edges. For scme flight conditions these lifting
gurfaces must necessarily operate at subsonic speeds., In order to
provide informstion importent in the selection of alirfolls for
gupersonic ailrcraft the aerodynemic characteristics of thin, sharp-
edge alrfolls therefore must be determined at subsonic Mach nwibers.

The available results of previous Iinvestigations at subsonic
Mach numbers on ailrfoills having sharp lesading edges have been
limited to two 9-percent-thick models, a part of a subscnic-alrfoll-
development investigation (reference 1), and to earlier exploratory
tests on two 8-percent-thick models (reference 2).

Because of the limited dats availsble and the need for even
thinner profiles than those previously tested for high-speed
applicationsg, an investigetion has been conducted in the Langley
rectangular high-speed tunnel on Tive supersonlc-type airfolls and,
for comparison, on two subsonic-typs airfolls. All alrfoll models
wore symmetrical and of 6-vercent meximum thickness. Test data were
obtained by means of static-pressure neesurements along the surfaces
of the alrfoils, toitel presgsiure surveys in the weke, and schlleren
photographs of the flow at Mach nubers uwp to 0.90.

SUPERSORIC-ATRFOIT, PROFILE DESIGNATION

Theory and experiment have shown that at supersonic speeds
airfoils of simple geocmetric shape asre guite efflcient. The two
alrfoil shapes most canmonly encountered are the double-wedge ox
diamond profile and the profile formed by a coarbinatlon of two or
more clrcular arcs. Since both double-wedge and circular-arc
profiles can represent a series of forms, neither of these profiles
is specificelly defined by giving the genersl shape wilthout
additional detailed informavlon.

With the bow wave atbached to the leading edge of an airfoll in
a supersonlc flow, the flow over ons surface 1g not affected by the
flow over the other surface. Consgequently, the profile can be con-
sidered to be composed of two paris, one on elther gide of the chord
(line Joining leading end trailing edgss). Thus, if the mexinum
thickness of each surface and the chordwlse location of the maximum
thickness are glven, the thickness and camber are specified.

LE



NACA T No. 1211 3

The combination of the general shaps, the meximum thickness,
and the chordwise locetion of meximum thickness for each surface
specifically defines the profile. The following general form for
designeting the supersonic airfoils has been adopted:

NACA NS-(X3)(Y1)-(X2)(¥Yo)

In the actual desig%aﬁion, the letter 'E" is replaced by the series
numrber, the number 1 bgirtllg used for the dlemond- or wedge-shape
profiles and“t,lge number 2  being used for the cjl.rc%lar-arc profiles.
The letter 8  denotes supersonic. The letter 'Xl represents the
distancse algng"the chord from the leading edge to the poiﬁt of maximum
thickness Y1 for the upper surface. The letters Xy and

"Y2" represent the corresponding values for the lower surface . )
Numericael valwes substituted for the X's and Y's are ifa percent.
chord. (See fig. 1.) The following is a sample designation:

NACA 28-(50)(03)-,(50) (03)

J {
NACA designation — | L Maximum thickness of
lower surface (per-
Circular arc cent chord)
Supersonic Distance along chord
from L.E. to point i
Distance along chord from of meximum thickness
L.E. to point of for lowsr surface
maximum thickness for (percent chord)
upper surface (percent
chord)

Meximum thickness of upoer
surface (percent chord)em——— 1

—— oy

In cage the maxirmm thicl':'ness for the lower surface Y, 1s congtant
for e &lstance along the chord, the numericsl substitution for X5

ghould be compounded to include the two values limiting the range of
congtant thickness. Thus, if the slrfoll given in the sample
designation were cambered by meking the lower surface coincide with
the chord and the thickness of the upper surface were retained at

3 percent, the deslignation would be

NACA 25—(50){03)—(0-100){00)
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APPARATUS AND TESTS

The tests were conducted in the Lengleéy rectangular high-speed
tunnel, which is en induction-type tunnel without return pessages
and hes en 18-inch by h-inch test section. The variation in Mach
number in the test section slong the tunnel axls without a model
installed in the tumnel.is *0.4 percent of the stresm Mach number.
In a plane normal to the twnnel axis, the veriation is #1 percent
of the stream Msch number. The air flow for this investigation
appearse to be slightly nisalined with a possible variation of #0.1°.
The' geometric angles of attack are sccurate to $0.05°.

Each’ airfoil camﬁlete¢y spanned the test section along the
h-inch dimension and wge supported by large circular end plates,
which were fitfed into the tunnel walls in such a way as to rotate
with the model and to retain continuity of the surface of the tummel
walls. The Juncture between the airfoil and the tunnel wall was
sealed.

The two types of airfoila of b-inch chord had the following
profiles.

Subsonic NACA 0006-63 (reference 1)}
INACA 66-006  (reference 3)

{NACA 25-(30)(03)-(30) (03)vi
| NaCh 25-(50)(03)-(30) (03)
{msca 25-(70) (03)- (70) (03)
maca 15-(30)(03)-(30)(03)
{mace 15-(70) (033-(70) (03)

Supersohie

The ordinates for the 25-series girfoils are given in table I.

Between 36 end 40 static pressure orifices were installed in
the model surfaces of each airfoil in two chardwise rows 1/4 inch
from and. on.either side of the model cénter line. The number of
orifices installed depended on' the thickness distribution and hence
ves a minimum for the 1S-series airfoils. ' The static-pressure-
orifice locations are ghown on. the profiles in figure 1. The
absence of pressuré orifices at the leading and trailing edges of
the 'airfolls resulted from a physical limitabivn on the installation
of orifices:--ghd pressure ducts.

Pressure-distribution measurements - end weke surveys were made
for Mech numbers between 0.30 and 0.90 at angles of attack of 0°
to 4°. This Mach number range corresponded approximately to a
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Reynolds number rengs from:0.7 to 1.5 X 100, Additional date wors
obtained in the form of schlieren photograprhs of the flow. Thess
photogrephs show density gradients in thoe £low by chonges in light
intenslty. ' Supplementary tests werée mede by measuring the..statlc
. pressures 6n the wall in the vicinity of the intersection of- tho -
‘nodsl with: the tunnel wall. to.provide somo:Information’on the - -
.- cvonditions within the flow field nsar ths leuding odge of the -
‘18-type.alrfolls., -+ - .- . g T vl

M_. stream M&ch num'be" _

Mp 7 ¥Mgch numbe” in ilow field -

Mcﬁ ”.,“-'.strea.m Mach r.zm'ber at, chok:irg B

MZ". . .‘.local Ma.oh numbcr at ;:w*far-e . I. R

q ._. _. dvnamc preseurl'lc.:_.“ L - ._ : . ]
P ..'._"si:reammteitlc pressulr'c'._-: - — S i

pz'f"‘ "j'._'local s{:atlc prosfurs’ &t ‘model guifaes” T

-F .o
i pressure cocaf"icifntl\: L S

TP S '? criticc.l pressure con:{’ficic‘nt ()528-———5-—-}} L
L i

e .3 [ - |_-:-

- stream tota'l p:cssur&

-

e __snc’cion normcl i’orce coeff*cient T '_-. R

. eactinn i tcning—momen’o cosfficient of normal :f‘oroo about
N quartcr-chcrd. locution _ - - T

RN s

eg . nuction drag coeff‘icient (dm‘emlﬁe& from Wal:e surveve)

it N roeat

@ 'e.ﬁgle of e.ti:ack N S S o :Z .-.= -:-:.-.i:- Co --_:-.;.‘

e  airfoil _qhqré_»
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TUNNEL -WALL EFFECTS

The data obtained from this investigatlion are subJject to a
correction because of tumnel-wall effects. The theoretically derived
correction (reference 4) indicates generally that, for a glven ratio
of model chord to tunnel height, the error increases with Mach number
and drag cosfficlent. The serror is also affected to some extent by
the type of profile. The ratio of the corrected values to the uncor-
rected valuss were determined by the method of reference 4 for these
data at seversl Mach numbers and at an angle of attack of 4° (e high
drag-coefficlent condition). These ratios, wherein the corrected
values are indicated by the primed symbols, are:

M Mt M cnt fon ca'/ea cmc/h'- o/ a! - a

0.60]1.005%0.001}0.978+0.002 |0.990%0.002 j0.002%0.000 §0.059%0.007
.7011.007% 001} .970% .001l| .986% .002} .002% ,001; .073% .009
.80{1.018t 004! .951% ,004k| .973% ,00k| .005% ,002| .090% ,015

In the preceding teble the vaerlations in the correctlon for a
glven condltion are dus o a combination of differences 1n drag
coefflclent and shepe of profile FPor the seven airfolls investigated.
The varletions can be seen to be gquite smell and hence would not
affect a comparison of the relative merits of the two types of
alrfolls.

An examinatlon of the correctlon for Mach mumbers and aero-
dynamic coefficients shows that the principal effect of these correc-
tions would be to reduce somewhat the varlation of the coefficient
with Mach number for ell the alrfolls in the higher speed range.
Although the methods of correcting the force and moment coefficients,
angle of attack, end Mach number are not too difficult, no comparable
methods exist for correcting the pressure-distribution dlegrams. A
correction for the pressure-dlstribution diagram would involve not
only dynemic pressure, Mach nuwber, end angle of attack, but also
the distribution along the chord. Thus, the epplicatlion of the
correction would be quite involved and at the higher Mach numbers
could be subject to question. Inasmuch as the corrections would
have no significant effect on the conclusions to be drawn from this
investigation and since all of the data could not be comparably
corrected, the date are presented uncorrected.

At the choking Mach number where sonic velocitles extend from
model to tunnel walls, the static pressure is lower behind the
model than ahead of the model, TLarge statlc pressure gradilents are
thus produced in the flow at the choking Mach number, snd data
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ohtained at that Mach number ars of questionable value, The data
at and within 0.025 and 0.030 of the choking Mach number are

indicated on the figvres in which they appear by dotted lines or
other notations,

RESULTS

The effe,ct of angle of attack end Mach number on the pressure
distributions Tor the seven airfoils investigeted is shown in '
Tigure'2, The section normel force and pitching moment of the - . .
normal force about the guarter-chord point heve been obbeinod from
integration of pressurc-distribution diagrams and ars presented in
coefficient form in figures I toc 5. The drag-cocfficient data .
obtained from weke surveys are presented in figuros 6 and 7, . Dats
from figures 3 and 6 arc cross-plotted in figuroe 8 to show the
variation -of drag coefficient with normel-force coc,fflcicnt et’a
cons't:ant Mech num‘ba“ for the wvarious profilss. o

'I‘he d.evo..opment of an unusual Flow phenomenon &s ths Mach num'ber
is increesed for & fixed engle of-attack is shown in figuve 9 for the
NACA 13-(70) (03) -(70) (03). airfoil. Figure 10 shows the phenomonon on
all supsrscnic profiles tested at a constant angle of attéck end Mach
muber. The variation of the phenomonon with angle of attack on a
given profile 1s shown In figure 11, Measurcments in the flow field
are vresecnted snd compared with :E‘low photographs and locel Mach
number distribubions in figure 12, The effect of large chenges in
leading-edge shape on the phenomenon is shown in figure 13

DISCUSSION, .

Pressure distribution.- An examination of the rrossure-distri-

bution diegrems for the airfoils investigated (fig. 2) 4id not reveal
eny merked differences In the effect of compressibility on-the flow
past. the subsonic and supersonlc eirfolls, with the exception of a
somevwhat more irregular distribution of pressuros elong the chord for
the suporsonic ai“fmls, arspecially at en sngle of attack of 1&-

Tha d.etemination of the pressures nea.r the 1ead,ing gdge of the
airfoils was hindeéred, however, by a physical limitation on pressure
orifice installstion. Information obtained from tho meesurements of

pressure in tho flow field indicated thet the procssuroes hear the
" lsading odge on the upper surface might be appreciably lower then
the faired velues shown in figure 2, as illustrated by tho loccl Maech
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number distribution shown at a Mach number of 0.8 in figure 12(a).
Ag a result of this probable error in the fairing of the pressure
diegrams at the leading edge of the airfoils at angles of attack
greater than 0°, the critical Mach number could not be accurately
determined, and in addition, the normal-force coefficients mey be
expected to be higher than those presented herein.

Normal-force coefficients.- The variation of the section normal-
force coefficient ¢, with Mach number M (Pig. 3) at angles of

attack of 2° and 4° generally appeared to be less throughout the Mach
number range investigated for the svpersonic eirfoils than for

the subsonic airfoils. The reduced effect of compressivility on the
veriation of ¢, with « as shown in figure 4(a) tends to minimize
the problems associated with lorglitudinal control at high Mach
numbers.

In addition, the offect of a« on ¢, at angles between 0°

and 2° (fig. 4(b)) was generally luss for the supersonic airfoils
than for subsonic airfoils; this effect was probably the result of
early separation from the sharp leading edges and could have been
predicted. from low-gpeed ccenslderations. The effect of o on ch

at anglcs between 2° ard 4° for supersonic airfolils, however, wes
greater in general then for the lower o rancs, especlally for those
airfolle having meximum thickness locations st or behind the 0.5c
gtatlon., The one exception to these generalizations was the

NACA 1S-(30)(03)-(30) (03) airfoil, which had normal-force
characteristice comparables with those of the subsonic airfoils

(f1g. #(p)},

The normal-force characteristics of the supersonic airfoils
presented hersin indicated that tho problcems assoclated with the
subgonic flight of supsrsonic alrcraft would not be aggravated by
uge of thess airfoils; in fact, some problems associated with
longitudinal control might be minimized,

Pitching-moment of normal.-force about quartsr-chord point,- The
variation of the section pitching-moment coefficient °mg /1, with
gtream Mach number For the subsonic airfoils (figs. 5(a) and 5(b))
was small at Mach numbers below 0.70, wherecas at Mach numbers

of 0.80 and abovo the variation had a large negative trend. The
veriation of ¢ o/l with o is shown to be emall in the lower

Mech number range, but et Mach numbers above O. 80, en approciablo
negative trend is indiceted.
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The supersonlc alrfolls also showed only a smell effect of
both M end a on cop, ), . at Mach numbers below 0.70 (figs. 5(c)

to 5(g)). At Mach numbers greaster than 0.80, however, the variation
of Cmy 71 with M for the supersonic a.irfoils showed a definite

oeffect of maxImm-thickness location. Those airfoils having maximum
thickness located at 0.3c (figes. 5(c¢) and 5(f)) as well as both
alrfoils of the subsonic type (figs. 5{a) and 5(b)) had a negative
slope of o p, with o at Mach nunhers greater thean 0.80. Shifting

the maximm- ic}mess location to the 0.7 chord station (figs. 5(e)
end 5(g)) resulted at the high Mach numbers in a emell positive slope
of op, /4 with o <that could be desira.‘ble "for longitudinal control

at high gpeeds.

. Dreg coefficient.- '.’E‘he genera.l effects of cmpressibili'by on the
d:cag coefficients of both supersonic- ‘and subsonic-type 6-percent-
thick airfolls (fig. 6) are in accord. There are, however, a Tew
differences that are best shown in the camparlson between alrfoils a’c
each of two angles of atback in figure 7. At an angle of atback of o°
(f1g. 7(2)) end a Mach number of 0.5, a graduval riese is noted in
drag coefficient from a minimum for the MACA 25-(50) (03) -(50) (03) alr-
foll: to "the highes‘b values for the lS-series.

. A% an.a.ngle of attack of 0° 1ittle difference is mdica'bed in
the Mach number at which the drag break occurs for the itwo -subsonic-
type airfoils, and the NACA 25-(70)(03)- (70)(03) end

NACA 28- (50)(03) (50)(03) airfoils. The obviously earlier dre.g
break. for the two airfolle of the 1S-~series results from the high
induced velocities (fig. 2) and 1s of the type associated with flow
separa.tions which could have been expected to occur at, the abrupt
(8.29) change in surface elope ab 'bhe maximm-thickness location.

. The drag coefficient for the various airfoils at en angle of
attack of 4° (fig. 7(b)) for Mach nurbers between 0.5 and 0.6 1s
indicative of the extent of flow separaticn from a minimum for the
NACA 0006-63 to a meximum for the NACA 1S-(70)(03)-(70)(03). The
gradual rise in drag coefficient between Mach mumbers of 0.6 and 0,7
for the NACA .0006-63 airfoil is indicative of a condition of .
-progressivaly increasing extent of separated flow.

" The drag normal ~-force relations for the various profiles and
the effect of compressibility on that relation {fig. 8) provides a
better basis of comperison of the greg characteristice than figure T.
The results of figure 8 indicated that within the range of the
1nvestiga'bion, the drag’ for a given normal force is generally higher
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for the supevrsoénic type eirfolls than for the subsonic type. The
differences are not so lerge that functioning of supersonic aircraft
would be excespively affected at subsonlc speeds.

There is some indication in figure 8 that, at the higher Mach
nmumbers, and at high values of normel-force coefficlent, the value
of drag coefficlent might be less for some of the supersonic alr-
folls than for the subsonic airfolls. As & result of this indlca-
tion, the original Investigation 1s belng extended to determine
the characteristice of these profiles at high angles of attack.

Unusual flow ab high Mach numbers.~ Durlng this investigation

an unusual type of flow phencmenon was obsserved to occur at the
higher Mach numbers in the viclnity of the leading edge of the
supersonic alrfoils under lifting conditions. The development

of this phenomenon with increasing Mach number and the changes In
the flow that accampeny 1t are shown by the schlieren photographs
in figure 9 for the NACA 1S-(70)(03)-(70)(03) at 5.5° angle of
attack, :

At a Mach number of 0,50 (fig. 9(a)) separated flow extended
from the lesding edge rearward and contributed toward an Iincreased
drag and reduced normal force. These condltions could have been
predicted from low-gpeed conslderations., When the Mach number was
increased to 0,70, only two changes were noted, An Increased
expansion occurred around the leading edge (see dark area immedistely
above leading edge) and disturbances were obgerved in the main flow
above the model, approximately 0.3 chord behind the leading edge.

The lncrease 1n Mach nurber to 0.72 resulted in a further increase in
the expansion reglon, a slight decrease in extent of separated flow
above the surface, and a consolidation of the shocks. These changes
were alightly Intensified when the Mach number was incressed to 0.75.
The flow so far described (including M = 0.75) was in accord with
that previously observed on subsonic airfolls. (For exemple, see
roference 5.)

The increase 1n Mach numker from 0.75 to 0.77 produced a change
in the +type of flow at the leading edge to one that had not previ-
ously been obasexrved at subsonlc speeds. At this higher Mach number
(fig. 9(c)) oblique shocks were observed to extend outward into the
flow from the vicinlty of the leading edge and the sepsrated flow
over the forward part of the model had been eliminated. The main
campresslon shock generally asasoclated with alrfolls abt high sub-
gonic speeds occurred near the 0.5-chord stetion. With further
increase in Mach number to 0,80, the primary effects to be seen
are the normelly expected rearward movement of the main shock on
the upper surface and the formation of shock on the lower surface.
That this behavicor of the flow 1s not peculiar to the condition
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given in figure 9 is shown by flgures 10 and 1l. In figure 10

the unusual flow is observed at the leading edge of each of the

supersonic airfolls at en angle of attack of L° and a Mach nurmber

of 0.83. Figure 11 shows that for the NACA 18—(30)(03)~(30)(03) air-

foil the phencmenon occurred at an angle of attack of 20 as well as

at 40, and the fisld of influence decreased as the-angle decreased

until at 0° no uniisiiel T16W Was observed. The sequences of flow -
photographs obtained at an angle of attack of 4° Ffor each of the

airfolls (not presented herein) indicated that the Mach number at -
which the flow phenomenon first occurred My decreased as the

included angle of the leading edge 6 increased, asg shown in the
following table: L - —

& t 0.01
NACA afrfoll (d0g) My
18-(70)(03) -(70)(03) 5.0 0.76
%-E?o)(os)- 70)(03) | 9.8 .76
15-(30){03) -(30)(03) | 11.k .73
28-(50)(03) -(50)(03) { 13.8 .73
25-(30)(03) -(30)(03) } 23.3 .70

The leading-edge flow phenomenon through the elimination of the .
extenslvely separated flow over the forward part of the airfoil, would
lead to an increese in normal force and a decrease in drag. At the
seme time, several factors exist which contribute to an incremse in
drag. These factors are the energy losses through the oblique shocks,
the increased losses through the main shock heving a greater intensity,
and the losses because of seperation from the surface in the vicinity
of the main shock. The summstion of all these effects would leed to
en increage in normel force and an unpredicteble effect on drag. An
examination of figure 3 will show that the rate of change of section
normal -force coefficilent with Mach number is grester above the Mach T
number at which the oblique shock first appeared at the leading
edge of the airfoil. Figure 6 (or fig. T(b)), however, showed
that the Mach number increment between the value at which the flow
chenge occurred and the velue at which the drag coefficient began
to increase very rapldly varied from O for the
NACA 1s-€7o) 203)- 70)(03) (fig. 62g)) to 0.07 for the - -
NACA 25-(30)}(03) -E3o)(03) (fig. 6(c)). In addition, figure 6
also showed that for the NACA 28-(70)(03)-(70)(03) and
NACA 15(30)(03)-(30){03) airfoils (figs. 6(e) and 6(f)) & marked
decrease in drag coefficilent was obtained after the flow change
occurred. The possibility that this new type of flow af the leading
edge could have an apprecieble effect on the maximum 1ift of alr-
foils at high subsonlc Mach mumbers indicates the desirability of _
extending the originsl investigation on supersonic slrfoils to obtain
date at higher angles of attack.
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Additionel informetion on the observed flow phencmenon was
obtained by measuring the static pressures at the tunnel wall near
the leading edge of the model., Data obtained thereby, as well as
the pressures measured along the surface of the model, were
trangcribed into local Mach numbers and are presented in figure 12,
together with the corresponding schlleren photographs of the flow.
The locel Mach numbers of figure 12 were based on the total pressure
in the undisturbed stream and are therefore high for regicms behind
Bhocks and wlthin separated flows.

' At a stresm Mach number of 0.80 for the NACA 18-(70)(03)-(70) (03)
at UC anglp of attack (fig. 12(a)) the flow-field measurcments

showed that the local Mach numbers wero supersonic in a plane normel
to the leading edge of the airfoll and for a distance of at least 0.2
chords above it., This position falls within the dark arca or region
of expansion wbove the leadlng edge of the airfoil in the schlieren
photograph. Both schlicren photogreph and flow-field measuremnnts
shoved that further incrsases in velocity or expensions occurrcd
reerward of the leading edge. An expansion at supsrsonic speeds ls
accompanisd without encrgy losses by & change in dirsctlion of flow
or e Prandtl-Meyer turn (reforence 6), The change in flow direction
is such thet the air is directed toward the surface of the airfoil.
Obviously, in this case (and in Tigs. 12(b) end 10}, the flow is

. directed into the surfaece of the airfoil, which nrceasitates an

. obligus shock to turn the flow somewhat in the other directlion so
that the air can flow along the model surface, endi the extensive
soparated-flow conditlion is thus eliminated, The flow bhehind the
.oblique ‘shock 18 supersonic and the shock gonerally assoclated with
eirfoils at high subsonic Mach numbers ls encountered rearwurd on
tha sirfoil. :

The foremost and weak obligue shock seen in the schlioren
photograph of figure 12(a) appeared from en enalysis of .schlieren
photogrephs and flow-field mecesurements to be an cnvelopes of .
disturbences originating from the leading edge. The conditions
under which the weak shock formed appeared to be the exlstence of
supersonic velocities in the vicinity of the lceding edge and a
highly localized separated roglon origineting at the lcading edge
and extending reerward only a fow percent of the chord. 'The point
at which the flow bocame reattached to the surfece became the origin
of thec more intense obligue shock that turned the air so that it
flowed along the surface. (Soe also figs. 9(e) and (F) and 10(b)
and 10(e).)

The data prosented in figure 12(b) for the NACA 1S- (30)(03)~
(30) (03) airfoil at 4° were genorally similer to those of figure 12(a)
except that the velocities in the plane above and normal to the



NACA TN No. 1211 13

leading edge were slightly less then sonic end, in place of the dual
oblique shocks seen in figure 12(a), only one was apparent in fig-
ure 12(b). Figures 9, 10, and 12 could leave the impression that
the eingle obligue shock as in figure 12(b) would occur only on
those airfolls having an included angle greater then 10°, No such
concluslon ies Justified, as could be shown by.other schlieren
photographes of the series.

Figure 12(c) end the previocus discussion of figure 1l showed
that no mwmugual flow change cceurred at the leading edge of the
'NACA 18-{30)(03)-(30}(03) at 0° angle of attack. At the 0.3-chord
station, however, where an 8,2° chavge occurred in the slope of the
airfoil surface, a flow condition exlsted at high Mach numbers
(fig. 12(c)) that had some similarity to the flow phencmena
previously described, The Prandtl-Meyer turn at the 0.3-chord
station tended to exceed ThHe 8.20 torn allowed by the surface,
thereby necessitabing an immedlsate compression as shown by both
schlieren photographs end the elrfoil surfsace pressure measurements.
(Ses £ig. 2{g).} The gradual compression that followed is
Probably a result of & progressively increasing boundasry-layer
thickness, as is shown in figura 12{a).

The pregent investigabtlion also showed that the unusual flow
phenanenon was not strictly limited to alrfoils having sharp leading
eldges. The inbtensity of the obligue shock sghown near the leading
edge in figure 13 indicates that the magnitude of the Prandtl-Meysr
turn diminished markedly when the leading-edge radiue increased
from O for the NACA 25-(30)(03)-(30)(03) airfoil to 0.22 percent
chord for the NACA 66-006 asirfoil. The effect for the WACA 0006-63
alrfoil having a 0.4-percent -chord radius is almost imperceptible.

CONCLUDING REMARES

A two-dimensionsl investligation of supersonic airfolls Indicnted
that at subsonic Mach numbers, although the drag characteristlcs
wers in general higher for these alrfoils than for subsonic airfoils,
the normal-force and pitching-moment characteristics of those
supersonic profiles having their maximum thiclkness located at the
0.7-chord statlon would diminish the problems gensrally encountered
In longitudlinal conbtrol at high subscnic Mach numbers.

The investigation also revealed the occurrence of an wusual
flow phencmenon et the leading edges of the supersonlc profiles.
This phencmenon, through elimination of the extensive separated-flow
condltion over the forward part of the airfoil, effected an Increase
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from no cffect to &

in normel force and produccd changes ranging : .
decrease in the drag coefficient.. Further, 1t appears P?islblzthat
the flow phenomenon could have an apprecieble effect op t M:, r;:am giiibiis}
11Ft coefficlent of supersonic airfoils at high cubsonlc Mac

numbers.,

Tengley Memoriel Aeronsuticel Leboratory,
® NZtional Advisory Committee for Aercnantics
Inngley Field, Va., August 12, 1946
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TABIE I,- BASIC SECTION ORDINATES FOR
SYMMETRICAL CIRCULAR-ARC AIRFOILS

‘étations end. ordinates are in percent: chord]

Ordinate
Station
25-(30) (03) -(30) (03) | 25-(50) (03) -(50) (03) { 25-(70) (03) ~(70) (03)

o} 0 0 0
5 .92 ST BTy
10 1.67 1.08 .79
15 2.25 1.53 1.15
20 2.67 1.92 1.bk7
25 2,92 2,25 1.76
30 3.00 2,52 2,02
35 2.98 2.73 2,25
ily) 2.94 2,88 2.45
ks 2,86 2.97 2,61
50 2.75 3.00 2.75
55 2,61 2.97 2.86
2.45 2,88 2,94
65 2.25 2,73 2,08
70 2.02 2,52 3,00
i) 1.76 2,25 2,92
80 1.hk7 1.92 2.67
85 1.15 1.53 2.25
90 0.79 1.08 1.67
95 0.ko 0.57 0.92

100 c 0 o]

NATTIONAL ADVISCORY

COMMITTIEE FOR AERONAUTICS
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Fig, 6f NACA TN No. 1211
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Figure 9.- Development of flow phenomena.

NACA 1S-(70)(03)-(70)(03). a = 5.5°.
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NACA 25-(70)(03)-(70)(03)

g supersonic profiles.

Figure 10.- Flow phenomena’ on variou

o = 4°; M = 0.83.
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NACA TN No. 1211 Fig. 11

(a) M = Q.65. (b)-M = 0.83.

Figure 11.- Variation of flow phenomena with angle of

attack. NACA 1S-(30)(03)-(30)(03) airfoil.
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NACA 66-006

(a) M = 0.60. (b) M = 0.80.

Figure 13.- Effect of leading-edge profile on flow phenomena.

a = 4°,
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