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DRAG CHARACTERISTIC3 OF SMOOTH WING
SECTIONS OF A P-L7D ATRPLANE

By John A. Zalcveik
SUMMARY

A flight investigation was made of bounﬂary—layer
and proflle -drag characteristics of unoth wing sections
of a P-7D airplane. Measurements were made at three
stations on the wing: boundary-layer measulenerts were
made on the upper surface of tke left wing in the slip-
"stream at 25 percent semispan; pressvre-distribution
measurements were made on the upner surface of the left
wing at 63 pefuent uemisnan~ and walte su“veys were made
at 6% percent semispan of the right wing. The tests
were made 1in otraight flight and in turns over a range
of conditions in which ail rplane 1ift coefficients
from 0.15 to 0.68, Reynolds numbers from 7.7 X 106

to 19.7 x 105, and Mach numbers from 0.25 to 0.6 were
obtained. 7

The results of th

e tigaticn indicated a
minimum profile-drag co
]

S
ient of 0.0062 for the smooth
section at 63 nercent an. At the highest Mach

number attained in the 8, the critical Mach number
was exceeded by at least 0.0A with no evidence of com-
pressibility shock losses appearing in the form of
increased width of the wake or increased profile-drag
coefficient. TFor flight conditions approaching the
critical Mach number, variations in Mach number of as
much as 0,17 appearcd to have no ef“ect cn ths profile-
drag coefficient,

In the slipstream, transition occurred at least as
far back as 20 percent chord on the upper surface at low
lift coefficients, - § . »
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INTRODUCTION

e . Had

In order to obtein a comparison of the profile-drag
characteristics of wing sections of low-drag and older
types under similar f1 1out conditions, tests have been
made of two P-li7 airplanes: the P-L7D sirplane, having
Republic $-% sections and the XP-47¥ airplans, having
sections that varied from an NACA 66-series section at
the plane of °ymvn,trv to an NACA 67-°er1eo ssction at
the tip. The investigation of the wing sections of the
XP L7F airplane included testz %o determine the profile

ag of a wing section outsids the slipstream and the
position of transiticn on secticns inside and outside
the slipstream., The rssults of this investigation are
presented in reference 1. '

Tne tests with the P-LL7D zirplane repcrted hereln
were generally s3imilar in scope to © tests with the
XP-1,7F airplane except that the tests with the P-4L7D

were extended to considsrably higher Mach numbers in
order to obtaln some informaticn on compressibility
effec s at Mach numbers through the critical value

The sts were rniade in.straighnt fiight and s*eaey turns
at various normal accelerations over a range of indicated
airspeeds from l 55 to 330 miles per hour zt altitudes

of 12,000 and 2L,000 fest.
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distance above surface, position in walie

ree-stream total pressure
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total pressure in boundary layer
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AH
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Cr

loss of total pressure in wake
free~stream static pressure

local static pressure

<Ho - po>

free-stream Iimpact pressure
1o 2
free-stream dvnamlc pressure _pOV
2
absolute temperature in boundary layer
absolute temperature just outside boundary layer
velocity in boundary layer

velocity in boundary lay:r nsar surface

velocity fust outside boundary laysr
/p - po>

T4,

rressure ccoefficient

critical pressure coefficient, corresponding to
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gl velocity of sound
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rolane 1ift cocefficient
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on profile-crag coefficient

[t

sect]

~

aileron deflection, negative for up deflection

calibrated airspeed (airspeed related to
differential pressure by accepted standard
adiebatic formula used in calibration of

differential-pressure indicators and egual to
true airspeed for standard sea-level conditions)

true alirspeed
Reynolds number
free-stream Mach number

Mach number in boundary layer

Mech number just outside boundary layer
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Mop critical Mach number

g acceleration of gravity

Po frec-stream density

Subscripts:

oy
k
add
85
.
ot

=
=
o
L]
ct

APPARATUS

The P-l:7D airplane is a low-wing, single-engine
monoplane with a Pratt & ¥Whitney R-2000-21 engine and
a four-blade Curtiss electric propeller (fig. 1l). The
airplane has a gross weight of about 12,000 pcunds, a
wing span of lj1 feet, and a wing arsa of 300 sguare feet.
Thie wing incorporates Repupblic 5-5 airfoil sections,
which have pressure-distribution characteristics similar
tc 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 semlspan from the plane of symmetry, or about 2 feet
outhoard of the flap (ssction with alleron); and one on
the left wing located 25 percent semispzn from the plane
of symmetry, or about 1 foot within the edge of the pro-
peller disk. ZHach of the outboard sections had & chord
of 7.17 Teet .and a maximum thickness of 11 percent chord.
The inboard section in the slipstream had a chord of
3.73 feet and a maximum thickness of 1.6 percent chord.
A photograph of the test section on the right wing is
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
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 ccats of
white lacguer-based paint for a protective coating and
sanded lightly in a chordwise direction with No. 320
carborundum paper. An indication of surface waviness
was cotained by means of a curvature gage (fig. 3) with
legs spaced li psrcent of thg winggggction chord. The
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waviness cond
in figure b
against s/c.

tion of the faired surfaces .1s indicated
t

i
v the plot of the waviness index d/c

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

b 1. .
stics. The tubes were made of Z-inch brass tubing with
e
1 . . ' :
a ~§—1ndh wall thickness. The upstream end of the total-

pressure tube was filed and {lattened S0 a8 to leave an
opening 0.003 inch desep and § inch wide and to have a

0.003-inch wsall thicknsss. The static-pressure tube had
six orifices 0.02 inch in diameter equally spaced around

. 1. . _
the periphery at lE inches downstream from the hemispherical
I - : .

end. Each tctal-pressure tube of a rack was connected to
an  NACA rescording multiple manometer and referenced to
the static pressure obtgined from the static-pressure
tube set about l/h 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 wsas
used. The static pressure measured by the static-prsssure
tube was referenced to the static pressure cbtained by
means of an airspeed head mounted on a boom 1 chord ahead
of the leading edge cf 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 2li 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 walke could be obtalined. The static pressure
in the wake was measured with the three central static-
pressure tubes, each of which was connected to the
manometer, and referenced to the static pressure measured
by means of the alrspeed 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
invelidate the wake surveys.
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All pressures, aileron positions, and normal accelera-
tions were measured by NACA recording instruments. An
indicating accelerometer was provided for the pilot.

METHOD

In order to obtain free-stream static pressure,
corrections ceterminsd from an airspeesd calibration-
were made to the static pressure measured by the air-
speed head mounted on the boom ghead of the right wing
tip. These corrections were applied to all measurements
for which rsference to free-stream static pressure was
required. :

Boundary-layer ve1001t7 profiles were determined
from the boundary-laver measurements by use of the
compreasible-flow relation

2/7 11/2 e \1/2
a l(Hy/p> ']w iz\
U 2 T //
g@%/J /7-1! 5
R ' 1//2
Mg \ T/

or, tec a first-order approximation,

The airplane 1ift coefficient at which transition
occurred at a given chordwise position was determined
from a plot of the ratio wvi/U against airplane 1lift
coefficient, The 1ift coefficient corresponding to
transition was chosen at the eibow of the curve as the
ratio uy1/U _suddenly increased from its laminar level
to 1ts turbulent level.

- The profile-drag coefficients were determined by the
integrating method of reference 2; that is, the total-
&
pressure loss was 1ntegqu°a across the w:ke and then
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multiplied by factors depending on free-stream impact
pressure, maximum total-pressure loss, static pressure
in the wake, and flight Mach number.

TESTS

Surveys of the weke of the smooth right wing section
~were made first in stragight flight with level-flight
pover and with the airplane engine throttied and then in
turns in order to cover a wide range of flight conditions;
that 1s, airplane 1ift coefficients, Reynolds numbers,
and Mach numbers, During the first flight in turns, the
filler used to fair the wing surface cracited at the
leading edge of the emmuniticn-compartment door (at
11.5 percent chord). &ince the crack could not be kept
smooth and "the surface unbrcken in subsequent flights, the
wake survnys were discontinved.

Roundary-layer measuremsnts were made both with the
two-tube and the six-tube boundsry-layer racks on the
upper sur face of the inboard section behind the prcpeller
on the left wing. Measurements of static pressure and
of Impeact pressure next to the surface for the deter-
minaticn of transition were made with two-tube racks
at 5, 10, 15, 20, and 25 vpercent chord. MNeasurements
of velocity distribution through the boundary layer wers
‘made with the six-tube racks at 15 and 20 percent chord.

Transition measurements on the upner surface of the
outboard section on the left wing were not feasible
because of the spanwise crack at the leading edge of
the ammunition-compartment door at 11.5 percent chord.
Static pressures, however, were measured with the
static-pressure tubss of the boundary-layer racks at 10,
15, 20, 25, and 30 percent chord on the upper surface
of this wing.

aight flight (level flight

The tests were made in r
8 of 12,000 and 2l,C00 feet
19)

S
and shallow dives) at altitude
over a range of indicated airspe from 155 to 330 miles
per hour. The airplane 1ift coefficlents obtained in
these tests ranged from 0.15 to 0.63; the. Reynolds
nurber, from 7.7 x 10° to 19,2 x 10°; and the Mach
nunber, . from 0.25 to 0.69. Tests were also made in
turns at an altitude of 12,000 feet at indiczted airspeeds

AT T =

i
1%
0

i
ad
Tf

S
i
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from ?5‘ to %360 miles per hour and at normal accelera-
tions from lég to ’l The airplene 1ift coefficients

in the turns ranged from 0.21 to C.55; Reynclds number, -
from 1.2 x 109 to 19.7 x 100; and Mach number, from O.ll
to 0.61.

RESULTS AND DISCUSSION

Pressure distribution and critical Mach number.-~
Some representative static-pressure distributions over
part of the upper surfacs of the left wing sections
at 25 znd 62 psrcent semispan are shown in figure 7,
The cr t;cal Mech numbers of the two wing SGCthLS, as
determined by the von ¥édrmdn ma >thod (reference 3) from
pressure-distribution measurements at_subgritical speeds,

/ S g .
o . . CI)\L - }\”30 . e 1
are plotted in figure & against. ===, which
. : fe o 2
Vi o= lerp
represents the 1lift coefficient that would be obtained
if the Mach number were increased from Ny . to My, at
the angle of atteck corresponding to Cr. The flight
Mach number and the deflection of the left aileron are

plotted above the curves of critical Mach number.

For the section at 63 percent semispan, the critical
Mach number varied approximately linesrly from 0.66 at a
1ift coefficient of 0.10 to 0.5l at a 1ift coefficient
of 0.80; for the section at 25 percent semispan, the
vurlqtlon of critical Mach numbsr over ths same range
of 1ift coefficients was from -0.63 to 0.L9. Although the
evaluation of critical Mach number involved extrapolation
by the von Karmén method of static-pressure cdata obtained
at flight Mach numbers ranging from 0.02 to 0.30 below
the critical value, the res ults were in good agreement for
the entire range of the extrapolsation. The extent of the
extrapolation at varicus 1lift coefficients may 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.)

- Accdrding to the results presented in referernce l,
the critical Mach numbers as determined from msasurements
with ststic-prsasure tubes similsr to thoszeused.in:the’
present investigation may be as much as 0.01 higher then
would e obtained from measurements with orifices flush
with the wing surfacs.
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It should be noted that, since the left aileron was
deflected upwsrd from 1.5° to %2.69 during the tests
(fig. 8), the critical Mach numbers at 63 percent semis
may be somewhat higher than the critical Mach numbers t
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-li7B~3 airplane. (The WLng sec-
tions of this airplane sre 31m11ar to tkose of a P—q D alr-
plane.) The results in reference 5 showed that, at a
constant angle of attack in the range of the flﬂght tests,
the critical Mach number.was higher by about 0.015 with
the aileron deflected upward 2° than with the aileron neutral.

Beundary-laver characteristics in slipstream.- The
method of determining the sirclane 1ift coefficient, sec-
tion Reynolds number, and [ 15“* Mech number colrespondlng
to trans¢tion from measursments with a boundary-layer
rack in a given position on the wing surface is illustrated
in figure 9 for a rasck at 19 percent chord on the upper
surface in the sl¢pereah (at 25 percent semispan). The
broken lines in this figure indicate the conditions for
transition.

The results of the bounﬂcpy layer measurements indi-
cated that, at low 1lift cosfficlents, laminar flow was
obtained at least as far back as 20 3erceqt chord on
the uvonper surfacs, which is about as far back as mey
be expected cn = ulmilaz wing section outside the vro-
peller slipstream. Laminar flow at 20 percent choerd is
illustrated by typical velocity profiles in figure 10,
The 1ift coefficients, Reynolds numbers, and Mach numbers
at which transiticn was obtained at 10, 15, and 20 per-
cent chord are given in figure 11l. At 1ift coefficlents
. and Reynolds numbers less than those indicated by the
curves for 15 and 20 percent chord in figure 11, the
flow was laminar at those chordwise positions. Although
transition measurements were also made at 5 and 25 per-
cent chord, these data were rot presented, insasmuch as
the flow was always laminar at 5 percent chord and
always turbulent at 25 percent chord.

[

Fele
’U
o]
3
{d
o
3

Profile-drag of wing section cutside s tream.-
During ©ll the teststhe wool Ltufts on trhe u pper surface
near 03 percent semispan of the right wing were directed
straight back and thereby indicated that the wake surveys
were not influenced by crosgs flow.

e smooth section
ure 12 for straight
ight Mach number,

The rrofﬁle drag ccefficientes of th
on the right wing are presented in fi
flight and in flgure 1Z for turns. T

I )

=
o
il
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critical Mach number, Reynolds number, calibrated air-
speed, and deflection of the right aileron are vlotted
above the profils-drag curves. The critical Mach
number shown in figures 12 and 13 is theat 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 cf 0.02 lower than the critical Mach
nucber of the left wing section. Some representative
wake profiles obtained in straight flight are shown in

figure 1.-

In straight flight, the profile-drag coefflicient
varied from 0.0075 at & 1ift coefficient of 0.68 to
0.0062 at a 1ift coefficient of 0.15 (fig. 12). The
minimum profile-drag coefficient was 0.0062. Within
the accuracy of the measurements, changing.from level-

light power to glides with engines throttled appeared
tc have no effect on the profile~drag ccefficient.

The interpretation of the results of the profile-
dreg measurements in turns (fig. 13) is complicated by
the fact that a crasck developed at the leading =dge
of the ammunition-compartwent door (a2t 11.5 percent
chord) some time during the flight in which these measure-
ments were wade. The tendency towsrd lower profile-drag
coefficients for the first. series of turns than for the
other series indicated that the crack may have developed
after the first series of turns. At 1lift coefficients
greater than 0.40, the profile-drag coefficients in
turns agreed with those obtained in straight flight and
thereby indicated that transition was probably forward
of 11.5 percent chord at these high 1ift coefficients;
at 1ift coefficientsless than 0.0 the. profile-drag
coefficients for the second and third series of turns
were somewhat higher than those obtained in straight
fiight.  The minimum profile-~drag cosfficient for the
second &nd third series of turns was 0.C066.

For flight conditicns approaching the critical
Mach number, a varistion in dMach number 2s large as 0.17
(fig. 12) with a relatively small variation 1in Reynolds
number appeared to have no effect on profile-drag
coefficient. A similar result was obtained in the tests
reported in reference 6 on the same wing section with
transition fixed near the leading edge for smoothed and
moderately roughened surfaces. A comparison of figures 12

o =

sy
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and 13 shows that, &t a 1ift coefficient of 0.L7, the
same value of profile-drag ccefficient (within the-
experimental error) was obtained at Mach numbers varying
from 0.30 to 0.5%; in this case, howeyer, the variation
in Reynrlds number was large (10 x 10° to 19 x 10°) and
therefore may have had an effect on the results.

At the highest Mach number atteinsd in the tests
(0.69), the critical Mach number was exceeded by at
least 0.0L (fig. 12) with no evidence of compressibility
shock losses appearing in the form of increased width of
the wake and incrsased profile-drag coefficient. This
result appears to indicate either that irrotational flow
without shock exlsted to some extswnt at supsrcritical
speeds, as suggested in references %, 7, snd &, or that
the effect of compression shock was cof insufficient
magnitude to be msasurable by vresent apparatus for a
small range of Mach numbers above the critical value.
Miic compression shocks have been indicated by Schliersen
photographs obtained in wind tunwels of NACA 230-series
airfoils. These photographs show tiat, upon attainment
of local velocity of sound, shock first appears as a
series of swall shock waves and builds up to a well-
established shock front as the Mach nurber is further
increased. ‘

CONCILUSTONS

The flight investigaticn of boundary-layer and
profile-drag characteristics of wing sections of a
P-l\7D airplane that wer'e specially finished to give
aerodynamically smooth surfaces having wavinsss of swall
magnitude indicated the following results:

1. Boundary-layer transition at least as far back
as 20 percent chord was obtained on the uppsr surface of
a gsection in the slipstream at low 1lift coefficients,

2. In straight flight (level flight and shallow
dives) the profile-drag coefficient of a ssction outside
the slipstream varied from 0.0062 at o 1ift coefficient
of 0.15 to 0.0075 at & 1ift cosfficient of C.65. The
minimum profile-drag coefficient was 0.0062.

a

T
Iz
t

» At the highest Mach number atteined in the tests,
2 o {5 > . e
the critical Mach number wis 6%¥®%tded by at least 0,0l
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with no evidence of compnressibility shock losses appearing
in the form of increased width of ths wake or increased
orofile-drag coefficlent.

i
N

h. For flight conditions approaching the ¢ cal
Mach number, variations in iach number as large as 0.17
appeared to have nc effect on profile-drag coef: ent

Langley Memorial Aeronautical Laboratory
National Advisory Committee for Aeronautics
Langley Field, Va.
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Figure 6.- Wake-survey rake mounted on wing of
P-47D airplane.
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Figure 7.- Typical pressure distributions over upper surface
of sections on left wing of P-47D airplane.
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Figure 8.- Critical Mach number derived suberitical pressure
measurements on sections of left win P-h?D airplane. Flight

Mach number of pressure-distribution tests and deflection of
left esileron are plotted above M,n-curves.
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Figure 9.- Method of determining 1ift coefficient, Reynolds number,
and Mach number corresponding to trensition at a given chord-
wise position. (Example shown is for 15 percent chord.
Effective-pressure center of total-pressure tube at 0.0l in.
above surface.)
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Figure 12.- Profile-drag coefficient of smooth section on right wing

of P-4 7D airplane as obtained in streight flight.

Mach number,

Reynolds number, calibrated eirspeed, and deflection of right
alleron sre plotted above e, -curve.
of left-wing tests.

Mgp-curve is from results
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Figure 13.- Profile-drag coefficlent of smooth section of right wing
on P-47D airplene as obtained in turns., Mach number, Reynolds
number, callbrated alrspeed, and deflection of right alleron are
plotted above eg,-curves. Mgp-curve is from results of left-
wing tests.




LSH11a

NACA ACR No.

14

Fige.

+

(*oxsa Leaans-o}em JOo eqny doj 03 spuodseaaoo
0=14£ noApH-omv. *3y3T1J 3udTeJa3s Ul peurs3qo S8 eusTdale
alf-d uo Buim 3udTa JO uUOT3068 Yjoows JO seTfJoad exsm - ‘it eam3t4

s % ¢ Z / O

-

. N e i il )
a mﬂi ﬂﬂ\ +7 Se Te o
Zi mw )\ AR

[ J
SLAYNOYIV %04 TILLINKOD \ x/ v
AYOSIAQY TYNOILVYN \ \

! _ T\ 7 I
- @I04ANS ///ﬂ /I %.QQ\.\\V%.

AIMO7] /AM_ \N\\\\






