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4 f11 L S 1 W .u.“" Avyer
and profile-. S h wing ssctions
o Pelt 71 . 4 e 4L thrso
stations on ; Ho azasurements were
mad 111 3 t the left wing in the slip-
streum at &5 pelcont semispan; rressuvre-distribution
neasuremants were made on the upner rface of the left
wing at 63 rercent semilspan; and waite surveya were made
at 63 percent semlspan o he richt wing. The tests
wers nade 1n straizht flight and in turns cver a range
of condltions 1n wihich alrplane 1ift coofficlernts,
from 0.15 to_ 0.£8, Reyncldés nunbers from 7.7 X 1C°
to 19.7 x 102, and Hach numbe Ifro .25 to 0.69 wero
obtained,

T™ea re |~4-:0-.:
rminimum profilo-
section at €3
nunher attalned
was exc ed by at
pressibllity shock losasss
increased width of tho wako or 1lncregsad proflle
coe.flclont. Tor flight coenditicns approaching
critical Mach numder, varietions in lach n I
much as 0.17 appeared to have affect on tne profile-
drag coefflclent.

in the slipstream, transiticn occurred at least as
Tar back as 20 percent chord on tho upper surface at low
117t coefficients.
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criticgl lach numbar

n

acceleration ol gravity

fres=-stroam density
Subscripts:
ri .kt

laft
APPARATUS

The F-LT7D alrplane 13 a low-wing, single-engine
ronoplane with a Pratt & Whitney R-2300-21 engins and
a four-blade Curties electric propellsr (fig. l). The
alrplane has & gross welght of about 12,000 pounds, a
wing span of L1 feet, and a wing area of 300 square feet.
M. wing incorrorates Repudblic 3-5 alrfoil sections,
which have pressure-iistributisn charactsrisiics siulilar
t ose of the sCA /)u-.w"'es sections.

Threa winz sections ware tasted (fig. 1): one on
the right wing and one on the laft "1'm, located 63 per-
cunt semispan from the plane of symuetry, or adbout 2 feet
outhoard of the flap (sectlon with aile:‘on)- and ocne on
the left wing located 25 percent semlspun frcm the plane
of symmetry, or about 1 foot withln the edge cof tlie pro-
peller disk. Lach of the outbeard sscticns had a chord
of 7.17 feel and a maximum thickness of 11 percent chord.
The 1nboard =section in the slipstrean had a chord of
3.73 feet and a maximw: thickness of 1.6 percent chord.
A photograph of the test section on the right wing 1s
shown as figure 2.

The upper surfaces of the sections on the left wing
and the upper and lower surfaces of the section on the
rizht wing were falired by f1lling with glazing putty
and then sa'x..’nt smooth to reduce the surface waviness,
The surfeces wers then sprayed with several coats of
white lacquar-based paint for a orotective coating and
sunded 1lightly in a chordwise direction with No. 320
carborundum paper. An indication of surface waviness
was ootuimd by means of a curvature gage (fig. 3) with
legs apaced ! percent of the wing section chord. Ths
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woviness condition of the faired surfaces is indicated
in figvre 4 by the plot of the waviness index d/c
ageinst s/c.

Boundary-layer racks, each ccnslsting of one static-
pressure t: be and either one or five total-rressure tubes
{fig. 5), were used to determine boundary-layer charac-

: 1
teristics. The tubes were made of 3-1nc‘: brass tublng with

a ,-,:—L;-anh wall thicknass. The upstrsam end of the total-
=

pressure tube was flled und flattened so as to leave an
UE
opening 0.003 inch deep and -3 inch wlde and to have a

0.005-inch wall l:hic:m-!.,s. ™e static-pressurs tube had
six orifices 0,02 inch 1n digmeter equally spaced amround

the perirhery at IH inches downatream from the hemispherical

end. Each total-presaure tube of a rack was connected to
an NACA recording multipls manometer and refersnced to
the static pressure oo .ai’xei from the static- -prassure

e 88 1 /4 inch from suriace. with ils
arrang .r'.ent J e impact pressure r.as measured at various
d*stqnces abrw.a the surfacs when the six-tube rack was
used and near the surface when the two-tube rack was
used., The static pressure meesured Ly the static-pressure
tube was referenced to the static pressure obtained by
meuns of an airspeed head mounted on a bocm 1 chord ahead
of the leading edge of the right winz tip (fig. 1).

Surveys of the wake of the right wing section were
made by means of the rake shown In figure 6 mounted 19 per-
cent chord behind the trailing edge. The rake consisted
of 2!} total- -pressure tubes spuced 0.3 inch .md 5 static-
presaure tubes spaccd equally scross the ralkke. The totel-
pressure tubes ware connected to an NACA recordlng
multiple manormeter and referenced to freec-stream total
pressure in order that the total-pressure loss at each
point in the walte could be obtalned. <The static pressure
in the woke was meazured with tha three central static-
rreasure tubes, each of which was ccnnected to the
munome ter, and referenced to the static pressure reasured
by means of the alrspeed haad on the boom at the right
wing tip. Wool tufts were located on the upper surface
near the tralling-edge region about 2 feet on each side
of the center lins of the saction at 65 percant semispan
to determine whether any cross flew existed that would
invalidate the wake =urveys.

CONIIDENTIAL




e
-tde b g2

All prassurza, alleron positions, and normal accelera-
tiona were measwured by NACA recorcing instruments. an
indicating accelerometer was provided for %4ue pllot,

In order to obtaln fres-stream statlic pressure,
corrections detzrmirsd from an aircpesad callibration
were made to the statlc pressure measured by the alr-
speed head movnted cn the boom gnsdad of the right wing
tip. These corrosctions were applled tc sll measarcients
for which reference to freo-straau static piresaure woa
required,

Inundar;y-layer veloclty proflles wexe dotermined

the boundury-laver meas'yemsn by use of the

1/2
5\

first-crder approximation,

W

[}
~y

' m
4

U, i

(5]

The airplane 1ift coefficlient at which transition
occurred at a glven cherdwliss position wus delermliaed
from a plot of the ratio v1/U against airplane 1lift
cosfficlent. The 1lift coefficient correspondirg to
transitlion was choaen at the oclbow of the curve =3 the
ratio u3/U suddenly lnecreasad from 1ta laminur level
to lts turbulsent lovel.

The prroflle-drag coolflicients were deterained by the
irtegrating method of reference 2; that 1s, the total-
pressure loss wes integrated across the weke and then

ONFTNATIAL
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riultizlied by factors depending on free-atream Impact
Fressuras, maxirum botel-wresswure loas, static ressure
in the wiwulte, and flight Mach number.

TRETS

3 e weke of the smooth risht wing scction

Surveys of t Y
were rmade tirac in atrelght flizht with level-Tlight
rowar and with the wlvplate esngine chrottled and then in
turns in o » to cover a wlde range of flight conditions;
aiub 18, airplane 11t coefficlents, lieynolds numbars,
and liech nurbsrs. wlng the Tirst flight in. tunns,; ‘the
filler usad o falr the wing swrfsce cracked at the
ealing edge of the armuniltica-compartment door {at
11.5 percent cherd). Since tiz cratk could not be kept
smootli-end the swrface unbrcksn In subsequent flights, the
waka suwrvays were dlacontinusd,

1
-

Roundary-layer mcasaremsnta wor ie both with the
two-cube and tne six-Lluba tioundaryv- ’ i
wppar suvrf& ! y inboal { ) the propeller
cn the left wing. MNeaswr > & f ie pressure an
oft impect pressure next to the surfuce for the deter-
minaticn of trancition wers made with two-tube racks
et 5, 19, 15, 20, and 25 nercent chord. Measurements
ol velocity distributicn throusgh the becundary layer wers
mads with the six-tube racks at 15 and 20 percent chiord.

Transitlion measurements on the wupper surface of the
outboard assction on the left wing were not feasible
becaase of the spenwilse cruck at the leadirg edge of

he wmenlition-zcempartmeat doer st 11.5 percent chord.
Static rrassures, howvever, were reasured with e
static-prassura tubss of the poundary-lsyer racics at 10,
15, 20, 25, u«nd 350 percent chord en the upper surface

of jthis wing.

The tests were mude in straight rflight (level filght
and shallow dlvss) at zlticudes eof 12,000 and 2l,C00 feet
over a range of Indicated alrspe 155 to 530 miles
per hour. The airplal ic btained in
thess tests ranged from G,.1% @ Reynolds
nuzber, from 7.7 x 109 to 12.2 x 106; and the Mach
nunber, from 0.25 to V.69, Tests were alss made in
turns st an altitude of 12,000 feet at indicated ulrapeeds

SONFIDENTIAL
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from 256 to 250 miles ver hour snd at normal accelera-
tiong from }lﬂ to h g, The airolene 1lift coefliclents

in the turnr «nc?d from 0.21 to C. 56; Reynclds number,
frem 1h.2 x 109 to 19.7 x 106; erd Nach nurber, from 0.4

to 0. ,1-
SULTS AMD DISCUSCTON

Pressure distribution end criticel Mach nunber.-
Sore 'frroﬂé—ln.,x~ s static-rreasure cletributions over
vart of the uvpner surface of the left wing sections
at 25 end 63 parcent cemispan are shswvn in £igure 7.
The critical Masch numnbers of the two wing sectlnua, as
determined by the von Férmén mathod {referencs %) from
pressure-dlstribation maasurcrants at_subsrlitical speeds,

- Cr = 5
are hlotted in filgure ¢ agalnst —TQE:—— ——, which
V1 = Mep®
represents the lift coefficlent thst 1l )
€ shon r were lnereased from My, to o
the angle of atteck corresponding to Cjy. The flig

Mach nuwber snd tha deflecztion of the left mileror
plotted above the curves of critical Kach number,

For the section at €3 vercent semispan, the ~r tical

¥ech number varisd soproximately linesrly frox 0.66 at a
1ift coeffielent cf 0.10 to 0.5 st a 1ift coefficlent
of 0.0C; for the sectlon at 25 percent serinpan, ths
V"rbution of critical Fach numbsr over the same renge

f lift coefflclerts wes from 0.63 to G.L3. Although the
eva¢1etjan o” critical Mach number invelved extrarclation
Ly the von Fermin method of static- p”u&’l"b cata obtuined
at f£light Mech numbers reaging from 0,02 to 0.30 below
the critisal vslue, thle results were 1n g~od agreemant for
the entire range of the cxtrapolstion. The extent of the
extraprolaticn at varicus 1lift coefficlents rmay oe deter-
minod Ly cormparing the flight Mach nurbers et whiech the
pressure~-dletribution reasurements were rade with the
eritical Msch numbers. (See fig. 8.)

Aceording to the resalts preseated in reference lj,
ths eritlcal ¥ach numbers =23 determined from msasurements
with ststlec-prascurs tubss similsr to thomo ussd in the’
rresent investigation may be as ruch as 0.01 higher then
wonld be obteined from nmoasurements witk orifices flus
with the wing surface.

CONFIDENTTAL
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It should be noted that, since the left aileron was
deflected upward from 1.5° to 3.6° Aduring the teats
(fig. 8), the critical Mach nunbers at 62 percent semispan
may e somsevhat higher than the critical Mach numbers that
would be obtainzd with the aileron neutral. An indication
of the ragnituds cf thils sffect 1s given In refarvence 5,
vhich presents the results cf teste of a model of a wing
section with aileron on a P-l;7B-3 alrplane. (The wing sec-
tions of this airplene sre similer to those of a F-47D air-
plane.) The results in reference 5 showed that, at a
conatent engle of attack in the range of the flight tests,
the critical Mach number was kigzher by about 0.015 with
the sileron ceflected upward 22 them with the aileron neutral.

pundary=-layer chsracteristics in slipstream.- The
method of determnining lie k.rplane 1iit coeflicient, sec-
tion Reynclds nurmber, snd fiighi Mach number corresvonding
to transition fror measurerants with a boundary-layer
rack 111 & given position on the wing surface is illustrsted
in figure 9 for a rack at 15 percent chord on the upper
surface in the =lipstream (at 25 percent semispan). The
broken linas in this figure indicate the conditlions for
trensition.

The results of the boundary-layer measuvrements indl-
cated Lthet, at low 1ift conefficlients, laminar flow weas
obtained at least as far back as 20 percent chord cn
the unper surface, which 1s about es far back as mey
be expocted on & similar wing section outside the pro-
peller slipstream. Laminar flow at 20 percent cliord is
illustrated by typical velocity profilee in figure 10.
The 1lift coefficients, Reynolds numbars, und Mach nuwbers
at which transiticn was obtained at 10, 15, and 20 per-
cent chord are given in figure 1l. At 1ift coefflclents
and Reynolds numbers less than thoce indicated by the
curves for 19 and 20 pvercent chord in figure 11, the
flow was loeminar at those chiordwise positions. Although
transiticn measurements were also nade at 5 and 25 per-
cent cherd, these data were not presented, inssmuch as
the flow was elways laminar &t 5 percent chord and
always turbulent at 25 percsnt chord.

Profile .drag of wing saction cutside sl!pstrear.-
During all the teststhe wool tufts on tke unper surface
near b3 percent semispan of the right wing were directed
straiglt back and thereby !ndicated tnat the weke surveys
wore not influenced by cross flow.

The profile-drag coefficienta of the smcoth section
on the right wing are presented in figure 12 for stralght
fiight snd in figure 1% for tuins. Flight Mach number,

CONFIDsLIIAL
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critical Mach namber, Reynnldée nurter, celibreted nir-
spsed, und defleztlon of the right sileron ure olotted
above the nroflle-drsg curves., The critical Mach
nurber shown in figures 12 and 17 1s thet for the left
wirg section., TInasmuch es the right alleron was down
(figs., 12 and 13) when the left aileron was up (fig. B),
the critical Mach number for ths right wing sectlon has
been estimated on the basis of the results of reference §
to be of the order cf 0.02 lower than the 2ritical Mach
nurber of the left wing section. Eome representative
wale nrcflles obtained in streight flight are shown in
figure 1l.

In straight flight, the profile-drag coefficient
varied from 0.0075 at a 1lift coefficlant of 0,68 to
0.0062 nt a 1ift coefficlent cf 0,15 (fig. 12). The
minimam profile-drag ccefflclent was 0.0062. Within
the accuracy of the measurements, changing from level-
flight power to zlides with e¢ngines throttled anpesred
to hax > affect on the proflle-drsg coefficlient.

The interpretation of the results of the profile-
drsg measurerments in turns (tig. 13) is comnlicated by
the fact that a creck developed at the leading edge
of the ammunition-compartwent door (at 11.5 vercent
chiord) some time during the flisht in which these mzasure-
ments were wade. The tendency towasrd lower profile-drag
coefflclents for the first serles cf turns than for the
other series Indicated thet the creck may have develoned
after tie firet series of turns. At 1i{t coafflclents
greater than 0.40, tie rrofile-dreg coefficlents in
turns agreed wlth thnse obtained in streight flight and
thereby indicatsd that transition was probably forward
of 11.5 percent chord at these high 1lift coefficzients;
at 1ift coefficlentsless than 0.4,0 the proflle-drag
coefficients for the second and third series of turns
were somewhat higher then those obtained in stralght
flight., The minimur profile-drag coefflclient for the
second end third seriez of turns was 0.0066.

For flight conditions apvroaching the critiecal
Nlach number, s variation in Mach numher es lurge as 0,17
(fig. 12) with & relatively tmall veriation ir Reynolds
numbar appeared to have no effect on proflle-drag
coefficlient, A sinilar result was nbtained in the tests
reported in refsrcnce 6 on the same wing =2ctiocn with
trensition firxed nesr lhe leading edge for smoothed and
anderately roush=2ned surfazer. A comoarison of fipgures 12

"CCETIDERTIAT
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aind 13 shows that, ot a 11ft coefiicient of O,
sarms valve of 1r)."r- rag so0efficlent (within
xperimental error) was obta‘ned st Mach number
from 0.30 to 0.59; ir thic case, hovever, the v
in Feynnlds numdar was iarg2 (10 x 10° to 19 x

herefore may have had an effect on the resulte.

Varylin

etion

L7,
tn
ar
10 ) and

At the highest Nach numbder attein
(0.65), the eritical Mach number = -3
east 0.0h {flg. 12) with no evidence of co oxpea bility
shock losses anpearing in the fcrm of incre a‘ vidth o
the wake end irereased profile-drsz coefl! i This

i in the tests
ceeded by at

result appears to indicate elther that Ifrrotat ajul flow
vithout shock existed to some extait at supercritical
speeds, @s sugrested In references %, 7, and 8, or that
t effect of compression shock was of Insufllciont

magnitude to be weacurable present apparatus for a
srall rang of Mach nurbers abovo the critical value.
¥1ld cowmpression shocks have been Indicated dy Schlieren

photograpns obtainsd in wind tunneles of %“ACA 220-series
airfeils. These photographs show tiat, upcn attainment
of local velnclity of sound, shocl lrst aopears as &
aaylpen L h . ~ 1 ¥ 3 4 v

3 lie ¥ e of ynt a8 tf Va) nurbe irt Y

incronsed.

AANATIIITANE
CORCLUS £

The flight lnvestigaticon of boundsry-layer &nd
f1~" le=dr charasteristics of ving sections of a
P=-1.7D alrplene that were specially finished to give
aaroﬂynbw cally smosth surfaces having waviness of small
magnltude irdicated the followirg reculta:

= 53 ¢

1. Boundary-layer transition at least es far back
a3 20 percent chord vas obtained cn the upper surface of
a soction in the slipstream at lcw 1lift coefficients.

2. In stralght flight (level flight ard shallow
divas) the profile-drag coeffleient of & sectinn outside
the slipstrear varied from 0.0062 at a 117t 2oeffictient

£ 0.15 to 0.0075 at a 1lift coefficlent of 0.65. Thae
minirum profile—dra' coefliclent was 0.0062.

2. At the h'ghast Mach number atteined in the tpﬂts,
the critical Mach number wus excecdsad by at lenst C.Ci

CONTI DINTTAL
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hoelk loseses appesaring

with 1o evicenc f cornressibllity s
s walte or lnsreased

In the form of increased width i

profile-drag crcefficlent.

the ritical

lavg g8 0,17
e G

. For flizht conditions avproschin
Mach number, varistlions in ifech nunber as la
appeared to have no efiect on protfile=dreg c

oeff1

1 €5

Langley Memorial Aeronautiesl Laborstory
National Advisory Committee for Aeronsutics
Langley Fileld, Va.
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panel at 63 percent semispan on
right wing of P-47D airplane.

Figure 2.- Smooth test
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(e) At 25 percent ssmiepan on left wing.

Figure .« Surfess-waviress index of smooth eurfsces of eectione
on right snd left wings of P-47D sirplsne.
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Figure 6.~ Wake-survey rake mounted on wing of
P-47D airplane.
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Figure T.- Typicel preesure dietributicns over upper surface
of sections on left wing of P-4T7D eirplane.
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Figure 8.~ Criticel Mech number derived from subcriticsl pressure °
messurements on seotions of left wing of P-47D eirplane. Flight
¥sch number of pressure-distribution tests and defleotion of
left eileron are plotted above M .~curves.
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Figure 9.- Method of determining lift coeffioient, Reynolds number,
and Mech number uorrasionding to trsnsition at a given chord-
wise position. (Exemple shown is for 15 percent chord.

Effective-pressure center of total-pressurs tube at 0.0l in.
above surfece,.)
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Figure 12,- Profile-drag soefficient of emooth sestion on right wing
eirplans as ocbteined in etreight flight. MNech number,
Renolde number, selibreted eirspesd, and deflection of right
ellercn ers plotted svove c4,~eurve. Mgop-ourve ie from reeults
of lefte-wing teste.
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Figure 13, Prenh-drq ocoslficisnt of Javokh sesticn of right wing
on PelTD strplene 54 obtainad in turns. Mach mumber, Reynolds
Al -lnpnd. and defleetion of right ailsron are
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