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NATIONAL ADVISORY COMMITTEE FOR AERCNAUTICS

WENTomR,

VLIZHT INVESTIGATION OF BOUNDARY-LAYER AND PROFILE-

e

DRAG CHARACTERISTICS OF SMOOTH WING

SECTIONS OF A4 P-L7D AIRPLANE

A flight Tnvesfi“at‘cn was made of boundary-layer
and Lrofwlemdrag characteristics of smooth wing sections
of a P-L,7D airplane. Mndsuvpments were made at three
gtabiens on the wing: oounoa¢y-1aver measurements were
mades on the upper surface of the left wing in the slip-
streamrat 25 percent semispan; pressuvre-distribution
me asurements were made on the upper surface of the left
wing at 63 percent semispar- and wake surveys were. made
at 63 percent semispan of the right wing. The tests
were made 1n straight flight and in turns over a range
of conditions in which a*“planc i i voe”f1c1unts
from 0.15 to 0,68, Reynolds numbers from 7.7 X 10°
0 49.7 X LOJ, and lMach numbers from 0.25 to 0,69 were
obtained.

The results of the inve
minimum profile-drag coeffi
section at 63 percent semisy
number attained in the tests, the
was exceeded by at least 0.0l with no evidence of com-
pressibility shock losses appearing in the form of
increased width of the wake or increased profile-drag

e
s
o

ent of 0.0002 for th smooth
n. At the highest Mach
critical Mach number

coeificient. For flight conditions approaching the
critical Mach number, varistions in Mach number of as
much as 0,17 appeared to have no effect on the profiles
drag coefficient.

In the slipstream, transition occurred at least as
far back as 20 percent chord on the upper surface at low
@At icoefficlients, ' "
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INTRODUCTION

In order to obtaill a comparison of’gke profile~-drag
characteristics of ang sections of low-drag and older
types under o‘mlldr sl loroly CoﬁultLOAS tests have been
made of two P-L7 a'r}lanos~ the P- 47L airplane, having
Republic S-35 sections and the XP- 47@ airplane, having
sections that varied from an NACA G6-series section at
the plane of symmetr" to an NACA 67-series saction at
the tip. The investigation of the wing sections of the
XP-4T7F airplane includsd tests to determine the profile
drag of a wing section outsids the slipstream and the
position of transition on sections inside and outside
the slipstream. The results of this investigation are
presented in reference 1.

th the P-L7D airplane reported herein
iilar in scope to the tests with the
XP-l.7F airplanse cept that the tests with the P-47D

were extended to considerably higher Mach numbers in

order to obtain some information on compressibllity
effects at Mach numbers through the critical value.

The tests were made in straight fligﬂt and steady turns
at various normal accelerations over a range of indicated
alrspeeds from 155 to 330 miles per hour at altitudes

of 12,000 and 7% LOO feet.

The tests wi
were generally simil
exce
n

G section chord
X distance along chord from leadling edge
S distance along surface from leading edge
d deflection of curvature gage

distance above surface, position in wake
HO free-stream total pressure
Hy total pressure in boundary layer

el
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loss of

\N

total pressure in wake

free-stream static pressure

ifec'all 'statlec pressure

free-stream impact pressure {HO = pc)

free~-stream dynamic pressure (%QOV%>

absolute
absolute
velocity
velocity

veloclity

pressure

eritciecal
local

airplane

temperature in boundary layer
temperature just outside boundary layer
in boundary layer

in boundary layer near surface

I

iust outside boundary layer

P X I/p = po
coeff ieient s
N o n 4
pressure coefficient, corresponding to
velocity of sound

TRrE ceefficient

o

section profile-crag coefficient

aileron deflection, negative for up deflection

cal ibrats

d airspeed (airspeed related to

differential pressure by accepted standard
adigbatic formula used in calibration of
differential-pressure indicators and equal to
true airspeed for standard sea-level conditions)

true alrspeed

Reynolds

number

free-stream Mach nurber

Mach number in boundary layer

Mach number just outside boundary layer

L DR -;__:‘i':-‘f.,}‘




Mo critical Mach number
g acceleration of gravity
& r [ g ty
Py free-stream density

APPARATUS

The P-l.7D airplane is a low-wing, single-engine
monoplane with a Pratt & Whitney R—2§OO~21 engine and
a four-blade Curitiss electric propeller (fig. l1). The
airplane has a gross weight of about 12,000 pounds, a
wing span of l;1 feet, and a wing area of 300 square feet.
The wing incorporates Republic S-3 airfoill sections,
which have pressure-distribution characteristics similar
to those of the NACA 250-series sections.
Three wing sections were tested (fig. 1l): one on
the right wing and one on the left wing located 63 per-
cent semlispan from the plane of symmetry, or about 2 feet
outboard of the flap (szction with alleron); and one on
the left wing located 25 percent semispzn from the plane
of symmetry, or sbout 1 foot within the edge of the pro-
peller ‘disk,. Hach of the outboand sections had a chord
of 7.17 feet.and a maximum thickness of 11 percent chord.
The inboard section in the 8slipstream had a chord of
3.73 feet and a maximun thickness of 1ll..6 percent chord.
A photograph of the test section on the right wing is
shown as figure 2.

k

The upper surfaces of the sections on the left wing
and the upper and lcwer surfaces of the section on the
right wing were faired by filling with glazing putty
and then sanding smooth to reduce the surface waviness,
The surfaces were then sprayed with several coats of
white lacguer-based pailnt for a protective coating and
sanded lightly in a chordwise direction with No. 320
carborundum paper. An indication of surface waviness
was obtalnzd by means cof a curvature gage (fig. 3) with
legs spaced l. prercent of the wing segtion chord. The
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waviness condition of the faired surfaces 1is indicated
in figure l} by the plot of the waviness index d/c
against s/c.

Boundary-layer racks, each consisting of one static-
pressure tube and either one or five total-pressure tubes
(fig. 5), were used to determine boundary-layer charac-

teristics. The tubes were made of %-inch brass tubing with
a jz-inch wall thickness. The upstream end of the total-

pressure tube was filed and {lattened so as to leave an
opening 0.003 inch deep and IS} inch wide and to have a

0.003-inch wall thickness. The static-pressure tube had
six orifices 0.02 inch in diasmeter equally spaced around

1
the periphery at 1 inches downstream from the hemispherical

Ly

end. BEach total-pressure tube of a rack was connected to
an NACA recording multiple manometer and referenced to
the static pressure obtained from the static-pressure
tube set about 1/ inch from the surface. With this
arrangement, the impact pressure was measured at various
distances above the surface when the six-tube rack was
used and near the surface when the two-tube rack was
used. The static pressure measured by the static-pressure
tube was referenced to the static pressure obtained by
means of an airspeed head mounted on a boom 1 chord ahead
of the leading edge of the right wing 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 2L total-pressure tubes spaced 0.3 inch and 5 static-
pressure tubes spaced equally across the rake. The total-
pressure tubes were connected to an NACA recording
multiple manometer and referenced to free-stream total
pressure in order that the total-pressure loss at each
point in the wake could be obtained. The statlc pressure
in the wake was measured with the three central static-
pressure tubes, each of which was connected to the
manome ter, and referenced to the static pressure me asured
by means of the airspeed head on the boom at the right
wing tip. Wool tufts were located on the upper surface
near the trailing-edge region about 2 feet on each side
of the center line of the section at 63 percent semispan
to determine whether any cross flow existed that would
invalidate the wake surveys.

BeawiE R
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All pressures, alleron positions, and normal accelera-
tions were measwed by NACA recording instruments. An
indicating accelerometer was provided for thie pilot.

METHOD

In order to obtain free-stream static pressure,
corrections cCetermined from an airspeed calibration
were made to the static pressure measured by the air-
speed head mounted on the boom shead of the right wing
tip. These corrections were applled to all measurements
for which reference to free-stream static pressure was
required.,

Boundary-layer velocity profiles were determined
from the boundary-layer measurements by use of the
compressible-flow relation

- V:
i Lo 2//’7 -.' /2 l /2
ot (Hy/p)™ -1 </'y\
e 2 47 T
g (tro/p g 1| Ts/
“'v /111*7 _L/B

il

or, to a first-order approximation,

The alrplane lift coefficient at which transition
occurred at a given chordwise position was determined
from a plot of the ratio u1/U against airplane 1lift
coefficlent, The 1ift coefficient corresponding to
transition was chosen at the elbow of the curve as the
ratio u3/U suddenly increased from its laminar level
to “I'ts turbilent lewel.

The profile-drag coefficients were determined by the
integrating method of reference 2; that is, the total-
pressure loss was integrated across the wake and then
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wltiplied by factors depending on free-stream Impact
press;P,, maximum total-vressure loss, static pressure
in the wake, and flight Mach number,

i
bt
&R
=
Ua

Surveys of the wgke of the smooth right wing sectblien
were made rfirst in straight flight with level-flight
power and with the airplane engine throttled and then in
turns in order to cover a wide range of flight condlitions;
that is, airplane lift coefficients, Reynolds numbers,
and Mach numbers. During the first flights i turns, the
filler used to fair the wing surface cracked at the
leading edge of the anmunition—cmmpa“tment door (at
15 percent chord). Since the crack could not be kept
smooth and the surfa unbrcken in subsegquent flights, the

wake surwsys were dl cch;nVV%.

Boundary-layer measuremeats were made both with the
two-tube and the six-tube boundsry-layer racks on the
upper surfece of the inboard section behind the propeller
on the left wing. Measurements of statlc pressure snd

of impact pressure next to the surface for the detsr-
mination of transition were made with two-tube racks

at 5, 10, 15, 20, and 25 percant chord. Mea urements

of welocity dlsfr*ba ion through the boundary layer were
made with the six-tube racks at 15 and 20 percent chord.

Transition measurem,n+s on the upper surface of the
outboard section on the left wing were not feasible
because of the spanwise CPuCK at the leading edge of
the ammunition-compartment door at 11.5 percent chord.
Static rressures, however, were measured with the
static-pressure tubes of the boundary-layer racks at 10,
15, 20, 25, eand 30 percent chord on the upper surface
of this wing.

The tests were made in straight flight (levol fl’ght
and shallow divss) at altitudes of 12 0G0 and 2l;,000 fee
over a range of indicated airspeeds from 155 toO 530 mlles
per Hour., The alrplane 1lift CoﬁlflCLuntS obtained in
these tests ranged from 0.15 to 0.63: the Reynolds
number, from 7.‘ X 10d {rio S L T 106; and the Mach

mbe¢, from 0.25 to 0.69 Tests were also made in
turns at an altitude of 12.000 feet at indicgted airspeeds
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from 256 to 360 miles per hour end at normal accelera-
tions from 1lg to hlg. The airplene 1lift coefficients

in the tr"nu rqnged from O, dl to 0.56; Reynolds number,

from .2 x 10% to 19.7 x 106; and Mach nurmber, from 0. Iy
OOO]o

RESULTS AND DISCUSSION

Pressure distribution and critical Mach number.-
Some representative static-pressure distributions over
part of the upper surface of the left wing sections
at 25 and 63 nmrvent semispan are shown in figure 7.
The cr;tical Mach numbe rs of the two wing sections, as
determined by the von Fédrmén mathod \refer snce 3) from
pressure-distribution measurements at_suberitical speeds,

A . RERE 2k Mn@ .
are plotted in figure g against '_i*_____; s which

\’1 = Map©
represents the 1lift coefficient that would be obt
if the Mach number were increased from M, to Mg,
the angle of attack corresponding to Cp. The flig}
Mach number and the deflection of the left aileron
plotted abcve the curves of critical Mach number.

For the section at 63 percent semispan, the critical
Mach number varied approximately 11near1y from 0.66 at a
1ift coefficient of 0.10 to 0.5& at a 1ift coefficient
of 0.80; for the section at 25 percent semlspal, the
variation of critical Mech number over th same range
of 1ift coefficients was from 0.63 to 0.L9. Altk agh the
evaluation of critical Mach number inve Lvei eytw‘»o1at_on
by the von Kdrmén method of static-pressure data obtained
at flight Mech numbers reanging from 0.02 to 0.30 below
the critical vsaslue, the rpqults were in good agreement for
the entire range of the extrapoletion. The extent of the
extrapolation at varicus 1ift coefficients mey be deter-
mined by comparing the flight Mach numbers at which the
pressure-distribution measurements were made with the
critical Mach numbers. (See fig. 8.)

According to the results presented in reference U,
the critical Mach numbers as determined from measurements
with ststic-pressure tubes similer to those used in-the’
present investigation may be as much as 0.01 higher than
would be obtained from measurements with orifices flush
with the wing surfacse.
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Tt should be noted that, since the left aileron was
deflected upward from 1.5° to 3,6° during the tests
(fig. 8), the critical Mach numbers at 63 percent semispan
mey be somevhat higher than the critical Mach numbers that
would be obtained with the aileron neutral. An indication
of the magnitude of this effect is given in reference 5,
which presents the results of tests of & model of a wing
section with aileron on a P-17B-3 airplane. (The wing sec-
tions of this airplane ere similar to those of a P-1,7D air-
plane. ) The results in reference 5 showed that, at a
constant angle of attack in the range of the flight tests,
the critical Mash number was hizher by about 0.015 with
the aileron ceflected upward 2° then with the alleron nsutral.

3oundary-layer characteristics in slipstream.~ The
method of determining the sirplane 1ift coefficient, sec-

2D

er corresponcding
oundary-layer
.

ol gl b
to transition from mesasurements with a b
e ace is illustrsted

rack in a given position on the wing
in Tigure O,lor. g rack
gsurface in the slipstre
broken lines in this fi
transition.

5 ord on the upper
L }f 1 ~ - 5 \ ™,

at 25 percent semlspan,. The

irdicate,. the conditions, for

The results of the boundary-layer measurements indi-
cated thet, at low 1lift coefficients, leaminar flow was
obtained at least as fear back as 20 percent chord on

the upper surface, which is about es far back as may

be expected on a similar wing section outside the pro-
peller slipstream. Laminar flow at 20 percent chord is
illustrated by typical velocity profiles in figure 10.
The 1ift coefficients, Reynolds numbers, and Mach numbers
ot which trensition was obtained at 10, 15, and 20 per-
cent chord are given in figure 11. At 1ift coefficients
and Reynolds numbers less than those indicated by the
curves for 15 and 2C percent chord in figure 11, the

flow was laminar at those chordwise positions. Although
trensition measurements were also made at 5 and 25 per-
cent chord, these data were mnot presented, inasmuch as
the flow was always laminar at 5 percent chord and

always turbulent at 25 percent chord.

Profile-drag of wing section cutside slipstrear.-
During all the teststhe wool tufts on tke unper surface
near 6% psrcent semispan of the right wing were directed
straight back and thereby indicated that the wske surveys
were not influenced by cross flow.

The profile-drag ccefficients of the smcoth section
ure 12 for stralight
Flight Mach number,
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critical Mach number, Reynnlds number, calibrated air-
speed, and deflection of the right aileron are olotted
above the proflle-drsz curves. The critical Mach
nurber shown in figures 12 and 12 is thet for the left
wing section. Inasmuch &s the right aileron was down
(figs. 12 and 13) when the left aileron was up (fig. 8),
the critical Mach number for the right wing section has
been estimated on the basis of the results of reference 5
to be of the order of 0.02 lower than the critical Mach
number of the left wing section. Somse representative
wake profiles obtained in straight flight are shown in
figure 1.

In straight flight, the profile-drag coefficient
varied from 0.0075 at a 1lift coefficient of 0.68 to
0.0062 at a 1ift coefficient of 0.15 (fig. 12). The
minimum profile-drag ccefficient was 0.0062. Within
the accuracy of the mweasurements, changing from level-
flight power to glides with engines throttled appeared
to have no effect on the profile~drag cocefficient.

The interpretation of the results of the profile-
drag measurements in turns (fig. 13) is complicated by
the fact that a crack developed at the leading edge
of the ammunition-compartment door (at 11.5 percent
chord) some time during the flight in which these measure-
ments were mwade. The tendency towsrd lower profile-drag
coefficlents for the first series cof turns than for the
other series indicated that the crack may have developed
after the first series of turns. At lift coefficients
greater than 0.40, the profile-dreg coefficients in
turns agreed with those obtsined in straight flight and
thereby indicated that transition was probably forward
of 11.5 percent chord at these high 1ift coefficients;
at 1lift coefficientsless than 0..0 the profile-drag
coefficients for the second and third series of turns
were somewhat higher than those obtained in straight
flight. The minimum proflle-drag coefficient for the
second and third series of turns was 0.C066.

For flight conditions approaching the critical
Mach number, e variation in Mach number as large as 0.17
(fig. 12) with a relatively small veriation in Reynolds
number appeared to have no effect on profile-drag
coefficient. A similar result was obtained in the tests
reported in refsrence 6 on the same wing section with
transition fixed near the leading edge for smoothed and
moderately roughened surfaces. A comparison of figures 12
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and 13 shows that, &t a 1ift coefricient of 0.L7, the
same value of profile-dreg coefflcient (within the
experimental error) was obtained at Mach numbers varying
from 0,30 to 0.59; in this case, however, the varjation
in Reynolds number was large (10 x 309 ta 19 07 saug
therefore may have had an effect on the results.

At the highest Mach number atteined i

(0.69), the critical Mach number was e. d

least 0.0L (fig. 12) with no evidence of compressibility
shock losses appearing in the form of increased width of
the wake &nd incrsaged profile-drag coefficient. This
result appears to inéLzatP either that Ilrrotational flow
without shock existed to soms extort at sapercr1t¢cul

speeds, as suggested 1in re fpwerﬂ g %, 1, 8m 8, or that
the effect of comnfess*ah shock was of insuf icidnt
magnitude to be measurable by present apparatus for &
mall range of Mach nurbers above the critical value.
Mild compression shocks have een indicated™by ocleeran
photographs obtained 1lm winag purnels of NACA 230-series

cirfoils. These photographs show that, upon attainment
of local velocity of sound, shock first aopears as a
saries of srall shock waves and builds up to a well~
established shock front as the Nach nurber 8 sharthe
increased.

CONCILITSTONS

ght investigation of boundary-layer and
crﬂ“nle -dr ~qlra“tcr1>t*ﬂs of wing sections of a

The flig
ag

P-/7D airplene that were specially I Pinished to gilvs
mica

(

aerodynam 1 amooth surfaces having waviness of small
magnitude indiceated the following results:

A
S

L Bound1¢3—larmr trensition at least as far Dback

as 20 percent chord was obtained on the upper surface o f
a section in ae slipstream et lew 1lift coefficlients.

2. In straight flight (level flight and shallow

dives) the profile-dreg coeffilcient of = section outside

the slipstream varied from 0.0062 at a 1ift coefficient
of 0.15 to 0.0075 at a 1lift coefficient of 0.65. The

minimum profile-drag coefficient wes 0. 00624

3, At the highest Mach m: ambegr atteained
the eritical “aoh number weas eycékdﬂd by at
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with no evidence of compressibility shock losses appearing
in the form of increased width of ths wake or increased
profile-drag coefficlent.

| ~ . . . o o

e For flight econditions approaching the critical
Mach number, varliations in Mach number as large as 0.17
appeared to have no effect on profile-drsg coefficient.

Langley Memorial Aeronautical Laboratory
National Advisory Committee for Aeronautics
Lengley Field, Va.
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Figure

l.- Republic P-47D airplane with test panels refinished in white on
right and left wings.
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Figure 2.- Smooth test panel at 63 percent semispan on
right wing of P-47D airplane.
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Fig. 4a-c
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(a) At 63 percent semispan on right wing
10x1074 |
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d/c -
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(b) At 63 percent semispan on left wing.
10x1074
8
d/e e =UYpver surrace |
2 W
NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS
2 \w\/
SN PIDENTES I

40 S0 .60
S/C
(c) At 25 percent semispan on left wing.

Figure .- Surface-waviness index of smooth surfaces of sections
on right and left wings of P-47D airplene.
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Figure 6.- Wake-survey rake mounted on wing of
; P-47D airplane.

Fig.

6




NACA ACR No. L5Hlla Fig.

-.6
%‘-‘f"’« T "( §
P-8
-4
0
> (a) At 63 percent semispan.
=2.,0
CL Mo Ry
(g — —o— 018 O.6b =—0,97
>\ g 200 G - Jies
_‘06 " i St 139 043 —3107
VK -—— 67 .25 -10.26
”3‘<}\ EN
—"2 L +
X V] \§\ ‘\is
7 *_
P‘.B // \X
+
-4
NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS
0 L L] g
o 10 &0 30 40

xX/C
(b) At 25 percent semispean (in slipstresm).

Figure T.- Typlcal pressure distributions over upper surface
of sections on left wing of P-L7D airpleme.

a b




Fig. 8a,b NACA ACR No. Lb5Hlla

0
»
‘9
[0} G{
©
4
G
N2) A
% S>£D§b -
\&E 9%¢ P& %;Je@o
M"'" VR S o
i T il B PhEGHEE
Oo ()o
3 Q9 b P
@ S
2
o
oot
6 oy
My, oo .
5 —re]

— NATIONAL ADVISORY

COMMITTEE FOR AERONAUTICS
L e

AT T T N Sl SR e R
/TN T ? YN TP

(a) At 63 percent semispan.

(b) At 25 percent semispan.

Figure 8.~ Critical Mach number derived from subcritical pressure
measurements on sections of left wing of P-L47D airplane. Flight
Mach number of pressure-distribution tests and deflection of
left alleron are plotted above M, n-curves.
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end Mach number corresponding to transition at a gilven chord-
wise position. (Example shown is for 15 percent chord.
Effective-pressure center of total-pressure tube at 0.01 in.
above surface.)
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Figure 10.- Veloclty profiles in boundary layer on smooth upper
surface of section of P-L47D airplane wing in slipstream.
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Figure 1ll.- Relation of 1ift coefficlient, Reynolds number, and
Mach number for transition at three positions on smooth
upper surface of section of wing on P=44L7D alrplane in
slipstream.

e

*ON YDV VOVN

®TTHST

‘814

10




Faiglas tl2 NACA ACR No. L5Hlla

2 —
60/?' :Ll»m 5 +rL o
deg 0 s Y il B iy
400
300 =2 4,000 7
V. 200 Bl
12,000 fr 4| T —r——1L..|
10
0
20x|0°
Nﬂaj?oq £t
S oot N
R 10 — e
24,000 fT1 i
0 o
8 Altituade
: : [ (1)
= e
6 TR | —+—24,000
e, | Ny —x—12,000 _Engine’ throttled
| I i
M, 4 pel [ 24,000 £t
%;JNN\\\X“~fx_ca -—-+‘ *
- 12,000 f1 = &
9,

0080
x| | o
Cqy D060 - i

NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS |

0 W T
D N PR ORI SRR

Cr

Figure 12.- Profile-drag coefficient of smooth section on right wing
of P-L7D airplane as obtained in straight flight. Mach number,
Reynolds number, calibrated esirspeed, and deflection of right
alleron are plotted above cdy-curve. Mgp-curve is from results
of left-wing tests.
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Figure li.- Profile-drag coefficlent of smooth section of right wing
on P-47D airplene as obtained in turns. Mach number, Reynolds
number, calibrated airspeed, and deflection of right aileron are
plotted above cg,-curves. Mgp-curve is from results of left-
wing tests.
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Figure 1l.- Wake profiles of smooth section of right wing on P-L7D
airplene as obtalned in straight flight. (Position y = 0
corresponds to top tube of wake-survey rake.)
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