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PLIGHT INVESTIGATION OF BOUNDARY-LAYER TRANSITION
AND PROFILE DRAG OF AN EXPERIMENTAL LOW-DRAG
WING INSTALLED ON A FIGHTE?-TYPE ATIRFLANE

By John A. quovc¢k aqd Richard B. Skoog

A boundary—layer-trun)1tﬁon and pnrofile-drag investi-
gation was conducted in flight by the National Advisory
Committee for Aercnautics on an experimental 1ow—ura” wing
installed on a P-l|7 airplane desLOnatuﬁ the XP-U7F end
surnlied by the Army Air Forces. Ths wing 1nﬁornorat°s
airfoil sections that vary from an NACA bg 215)-1(16.5),

a = 1.0 at the plane of symuetry to an NACA 07(11))—215,
= 0.7 at the tip. The surface of the wing as con-
tructed was found to have such a degree of waviness that
t had to be refinished in order to obtain the performance
generally expected of low-drag alirfoils. WMeasurements
were made at a section outside the propeller slipstream
with smooth and with standard camouflage surfaces and on
the upper surface of a section in the propeller slip-
stream with the surface smoothed.

e o W

Tests were made in normal flight - that is, in level
flight and in shallow dives - at indicated airspeeds
ranging from about 150 to 300 miles per hour and in steady
turns au 300 miles per hour with normal accelerations from
23 to 4 These speed and acceleration limits were

mnesed HV structural considerations., The tests in normal
f11gbt covered a range of section 1ift coefficient from
about 0.58 to 0,15, of Reynolds number from about 9 X 106
to 18 x 100 and of Mach nunber from about 0.27 to 0.53.
In the tests in turns at 300 miles per hour, the range of
section 1ift coefficient was extended to O.

The results for the section with smooth surface out-
side the slipstream were in reasonable accord with the per-
formance expected of lo /~drag eirfoils and indicated a
minimum profile-drag coefficient of O, 00l5, which corre-
sponded to ‘the most rearward position of transition
observed at about 50 wnsrcent of the chord on the upper



- i T 3
2 iDL,  NACA ACR No. L5COva
e o060 o S0c O 00 oo * L] L] oo LR ] oo .
L2 J L 2 s o L] e & o e o o ¢ e o e
¢ o se o e o L L4 e o L L] e o o .
. e » e 8 e -0 @ L4 ese L [ o o \. se
o0 ‘ese o . o e o o. oo ®e osee oo
surface. With a sfandard -finish,  a minimum profile-dra

uoelfﬂc:@nt of 0.0063 was obtalnou. The results obtalned
in turns with the smooth surface showed an increase of
about 6 to 1l percent in the profile-drag coefficient
above that obtained in normal flight at lower Mach
numbers and corresponding 1lift coefficients; whereas,
with the standard finish no increase was observed,

The results on the smooth upper surface of the wing
section in the slipstream indicated that, with normal
engine opsration, the most rearward p031tlon of transition
was hetween 20 and 25 percent chord. The attemnt to
measure the profile drag of the smooth uprner surface by
means of a. hglf-wake trailing-edge rake was not successful
because a large lateral component of boundary-layer flow
existed at the trailing edge of this section.

INTRODUCTION

An investigation of boundary-layer transition and
profile drag of an exnerimental lcw-drag wing installed
on a P-li7 airplane designated the XP-L7F and supplied
by the Army Air Forces 1is reported herein. This wing
incorporates airfoil sections that vary from an
NACA 56(215)-1(16. 5), ‘a = 1.0 at the plane of symmetry
to an NACA 67(115)-21 a = 0.7 at the tip and is the
type used on several current airplane designs.

An investigation of the aerodynamic performance of
the complete airplane was not undertaken because the
surface of the wing, as constructed, was found to have
such a degree of waviness that extensive laminar boundary
layers could not be expected. The results of performance
tests of the complete airplane, theresfore, would have had
no particular significance in evaluating the merits of
low-drag wings having surfaces that conform closely to
the requirements for extensive laminar boundary layers.
The investigation was consequently limited to the  study
of ooundary-laver transition and profile drag of sections
of the wing with the surfaces in the original wavy con-
dition and also with the surfaces refinished to reduce
the waviness to tolerable limits. :

Previous flight investigations of low-drag airfolls
have been concerned entirely with the determination of
boundary~-layer and profile-~drag characteristics of
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ectlons'locataﬁ qutgidg,bze°nvbneiler si;psurham' hence,
no information is available on the characteristics of
such airfoils located in the propeller slipstream, which
may cover 20 percent or more of the wing area depending
on the typne of airplane. Boundary- layer—tramsition and
profile-drag tests were consequontly ma de at two spanwise
stations of the low-drag wing of the XP-I7F airplane -
one outside the propeller slipstream and one behind the
propeller - to determine the extent to which low-drag
airfoil characteristics may be obtained in these two
regimes of air flow with the surfaces of the wing care-
fully finished. Measurements on the wing section in the
propeller slivpstream were limited to the smoothed upper
surface because irregularities on the lower surface due
to the landing-gear cover cculd not be faired. Tests
were also mace of the section outside the slipstream on
the nroduction surfaces with s standard pdmoufla&e
finish.

Measurements on the section behind the propeller
were made In level flight and in shallow dives over a
rgnge of indicated airspeed from about 155 to 310 miles
per hour., Measurements on the sectlion cutside the pro-
peller slipstream were made in level flight and in
shallow dives over a range of indicated alrspend from
about 150 to 300 miles per hour and in steady turns at
300 miles per hour with normal accelerations from 2g
to Lg to obtain high wing loadings. Some measurements
were made on both of these sections in glides with the
engine throttled. The speed and accelerabion limits
observed in the tests were imposed by structural con-
siderations of the airplane.

SYMBOLS
c section chord
X distaﬁcé along chord from leading ecdge
S - distance aiong surface from leading edgs
d ~deflection of curvature gége
d, vimpact pressurs in voundary laver at 0.006 inch

1 above surface
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cy section 1ift coefficient

Cdg section prefile-drag coefficient

P pressure coefficlent

Vi  correct service indicated airspeed; that is, the
correct reading of an alirspeed iIndicator cali-
brated in accordance with Army and Navy
standards

R section Reynolds number

M o Mach number
Men critical Mach nunber
g acceleration of gravity

Subscript:

t transition
APPARATUS

The XP-L7F airplane tested is a low- -wing, sir
engine monoplane with a Pratt & Whitney R-2800-21 e
and a four-blade Curtiss electric propeller (ng. 1
It is equipped with a low- crab wing, the master air
sections of which are NACA 66(215)-1(16.5), a = 1
the plans of symmetry and NACA 67(115)-213%, a = 0.7 at
the wing tip. The alirplane has a gross weight of about
11,600 pounds, a wing span of 42 feet, and a wing area of
522 sguare feet.

Two sections of the low-drag wing were testsd - one
on the right wing located 21 inches outbeoard of the flap
and the other on ths 1laft WLnD located 12 inches within
the edge of the propeller disk (fiz. 2). Ths right
wing section had a chord of 88, %2 inches and a maximum
thickness of 1/.7 percent at 45 psrcent of the chord.

The ordinates of the right wing section measured relative
to an arbitrary chord are given in tabls I. The left
wing section behind the propeller had a chord of

b
0
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108.5 idthes ardd® Semdxintun ithickneSd dF 13.8 wercent at

L5 percent of the chord.

Two surface conditions of the right wing section
and one of the left wing sectlon were tested - the
right wing section with the surfaces having smooth and
standard camouflage finishes; the upper surface of the
left wing section with only the smooth fiuish.

The smcothed and falred surfaces were obtained by
building up with glazing putty the base provided by the
refinishing done on the wing at the Alr Technical Ssrvice
Command, #right Field, and then sanding to reduce the
surface waviness, These surfaces were then sprayed with
four coats of white lacquer as a protective coating and
sanded lightly. Surface waviness was measured by a
curvature gage (fig. 3 with legs spaced l. percent of
the chord. The waviness condlition of the final smoothed
surfaces is indicatasd. in figures lL and 5 by the plot of the
waviness index d/c against. s/c. The values of d/c
include the curvature cf airfoil ‘surfaces fres of
waviness as well as the departure cf ths actual surfaces
from the waviness-free contour.

After completion of the tests of the smooth right
wing section, tne paint and glazing putty on this section
were removed to the metal skin with acetone and a

_standard camouflage [inish was then appliecd. The

standard camouflage ©finish consistad of oneé coat of zinc
chromate primer, one coat of gray surfacer, and two
coats of olive-drab camouflage. The surface with this
standard camcuflage finish 1s hereinafter designated
"standard surface." The surface-waviness index for this
surface condition is shown in figure 6.

Boundary-layer racks, each consisting of a total-
pressure and a static-pressure tube, were used in
measuring boundary-layer tre;msn'_'t:ion.1 The tubes were
32
The upstream s2nd of the total-pressure tube was filed ard

made of-%-inch brass tubing with & inch wall thickness.

flattened leaving an opening 0.003 inch deep and ] inch

vide and a 0.003-inch wall thickness. The static-pressure
tube had six orifices 0,02 inch in diameter egqually spaced
L
I

around the periphéry at 1F inches downstream from the
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the total-pressure tube in contact with a surface was

at approximately 0.006 inch from the surface. The
total-pressure tube was connected to an NACA recording
manome ter and referenced to the static pressure obtained

. 1.
from the static-pressure tube set about H inch from the

surface to measure the impact pressure next to the sur-
face., The static pressure measured by the static-
pressure tubc was referenced to free-stream total pressure
riving the impact pﬂe 'sure outside the boundary layer.

‘Wake surveys were made on the right wing secticn by
the rake shown in figure 7 mounted 18.1 percent of the
chord behind the trailing edge. The rake consisted of
2l total-pressure tubes spdced 0.3 inch and five static-
pressure tubes spaced equally across the rake. The
total-pressure tubes were connected to an NACA recording
manome ter and referenced to free-stream total pressure
in order that the total-vbressure loss at each point in
the wake could be obtained. The static pressure in the
wake was measured with the central static-pressure tube,
which was connected to the manometer, and referenced to
the static pressure obtalned by means of a swiveling
static-pressure head mounted on a boom 1 chord ahead of
the leading edge of the right wing tip.

A half-wake trailing-edge rake (fig. 8) was used in
an attempt to measure the profile drag of the upper sur-
face of the left wing section., A full-wake rake, such
as described in the preceding paragraph, was not used
because surface irregularities on the lower surface due
to the landing-gear cover could not be faired. The
trailing-edgelrake consisted of 21 total-nressure tubes
Iy _
The total-pressure tubes were connected to an HACA
recording manometer and referenced to slipstream total
pnressure as measured by the rake total-pressure tube
5 inches above the surface. r The slipstream total pres-
sure was referenced to free-stream total pressure giving
the total-pressure component due to thrust in the survey
plane. The static pressure in the wake was measured by
2

spaced about inch and three ststic-pressure tubes.

a static-pressure tube inch above the surface; this

tube was connected to the manometer and referenced to
the static pressure measured by the swiveling static-
pressure head.
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Wool tufts were used on the upper surfaces of the
right and left wing sections over the trailing-edge area
to determine whether any cross flow that would invalidate
the wake survevs existed Iin the boundary layer. Chalk
lines indicating angular deviation Ifrom the thrust axis
of 00, *100, #20°, and *¥30° were marked off in the
region of each of two tufts located 5 and L feet, respec-~
tively, on each side of the fuselage and about 10 inches
from the trailing edge (fig. 2) to enable the pilot to
judge the angularity of the tufts at those pointe.

L11 pressures weré recorded on NACA recording
instruments. The position of the allerons during the
tests was recorded on an NACA control-position recorder.

An indicating accelerometer was used to indicate normal
accelerations.

METHOD

In order to obtain frcece-stream static pressure,
corrections determined from an airspeed calibration
were made to the static pressure measured by the
swiveling static-pressure head mounted on & boom zhead
of the right wing tip. These corrections were applied
to all measurements FTor which reference to free-stream
static pressure was required.

&2}

The section 1lift coefficient at which transition
occurred at a given chordwise position was determined
from the boundary-layer measurements of iImpact pres-

sure. qcl at 0.006 inch above the surface and the impact
pressure ch outsicde the boundary layer. The
Clc1
ratio a—: was plotted against section 1lift coefficient
co :

as determined from airplane 1ift coefficient and theo-
retical spanwise 1ift distributicn by the method of
reference 1., The section 1ift coefficient corresponding
to transition was chosen at the ¢lbow of the curve as

q

4

the ratio suddenly increased from its laminar level

ch
to its turbulent level. In ths transition measurements on
the wing section in the preopeller slipstream, the measured
qC2 was corrected to slipstream conditions by adding
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to it the increment of total pressﬁre due to propeller
thrust in the survey plane.

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 multiplied by factors depending on free-stream
impact pressure, maximum total-pressure loss, static
pressure in the wake, and flight Kach number. For the
wake surveys on the section in the slipstream, the field
of flow was assumed to consist of free-stream static
pressure and of total pressure increased by the increment
of total pressure due to thrust of the propeller in the

survey plane.

TESTS

Transition measurements were made at. 20, 30, Lo
and ;8 percent of the chord on the smooth upper surface
of the right wing section and at 5, 10, 15, 20, and: _
25 percent on the smooth upper surface of -the 1eft wing
section. Wake surveys were made on the smooth right
wing section and on the smooth upper surface of the left .
wing section, Wake surveys were also made on the right
wing section with standard surfaces.

Transition tests of the smooth upper surface of
the right wing section were made in normal flight; that
is, in level flight and in shallow dives, when necessary
to attain the higher speeds, over an indicated-airspeed
range from about 7180 to 300 miles per hour. Some of the
tests were made with power off, that is, with engine
throttled; others, in steady turns at an indicated
airspeed of 300 miles per nour and normal accelerations
of 2g and lig. _

Transition tests of the smooth upper surface of the
left wing section in the slipstream were made inh normal
flight over a range of indicated airspsed from about
155 to 210 miles per hour. A few test runs were also
made with power off. : '

Wake surveys on the right wing section with smooth
and standard finishes were made in normal flight within
a range of indicated airspeed from about 150 to 510 miles
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per hour and in steady turns-at an indicated airspeed of
about 300 miles per hour and normal accelerations from
2g to lig. Some of the test runs on the smooth wing sec-
tion were made with power off.

Walke surveys on the smooth upper surface of the left
wing section were made in normal flight over an indicated-
airspeed range from about 185 to 310 miles per hour. A
few test runs were made with power off.

PRESENTATION OF RESULTS

The results of the investigation are presented in
figures O to 15. The precssure distribution over the
smooth right wing section is given in figure 9. The
theoretical pressure distributicn was calculated from
he ordinates given in table I by the method of ref Fey -
ence 3,

Transition results obtained on the smooth upper sur-

face of the right wing section are shown in figures 10
and 11, In figure 10, the szction 1lift coefficient chosen
as corr eronﬂlnp to tran°1tlon at a given chordwise pcsi-~
tion is indicated by an arrow at the elbow of each
deq
a~4~curve. The Reynolds numbers Covrestndlng to the

c2

- ‘Cl

section 1ift coefficients of the -curves are plotted

‘ e dea

above the aml—curves. The variation of the pcosition of
c2

3

transition with section 1ift coefficient ies shown in
figure 11; the PcyﬂOLdS numbers correspondinm to the
gection 1ift coefficients are plotted above the transi-
tion curve.

The variation of profile-drag coefficient with sec-
tion 1ift coefficisnt for the right wing section with

smooth and standard finishes is presented for normal
flight in figure 12 and for high-speed turns in figure 13.

1sition results obtained on the smooth upper sur-
the left wing section in the slipstream ars pre-
figures 1l and 15,
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found that the right aileron trimmed up from 5 to 19 in

normal flight and from 1° to 2° in high-speed turns.
Corrections for these alleron cdeflections have been made
to the section 1lift coefficient for the right wing sec-
tlon computed by the method of reference 1.

DISCUSSION O %ESUTT"

Right Wing Section outside Slipstream

Pressure distribution.- In figure 9 the theoretical
pressure distributicn for the right wing section is shown
w1uh a few expevlmental points oet@rm1ned from the static-

sssure measurements in the boundary-layer-transition
test~. The theoretical pressure distribution for incom-
pressible flow was computed for a section 1ift coefficient
which the right wlng section would experience in incom-
pressible flow if it retained the angle of attack it had
in compressible flow for a section 11ift coefficient of
0.200 at a Mach number of 0..6. The ssction 1ift coeffi-

cient for incompressible flow was taken as ¢, Vl e

/

I3

or 0.177. The theoretical pressure dlotrlbutjon for com-
pressible flow, as determined by dividing the pressures
for incompressible flow by-di - ¥ or 0.887, agreed
closgely with the few experimental points obtained.

An analysis of the theoretical pressure-distribution
characteristics, computed by the method of reference 3%
with use of the measured ordinates of the right wing sec-
tion (table I), indicates that the characteristics of this
section may be best approximated by the NacA 66,2-2(1.7)
airfoll section. The mean camber line as determined from
the measured ordinates of the right wing ssction cannot
be specified by the usual a- d681gnati0n.

Boundary-~layer transition.- Transition from laminar
to turbulent flow in the boundary layer as occurring on
the smooth upper surface of the Pight wing section and as
affected by engine operation and high Wlng load1n5 is
indicated in figure 10. As the sectlon 1irt coefficient
decreased, the point of trans 1tlon moved nrogreSC1ve1y
rearward up to and beyond x/c = 0.8, which is about
7 percent forward of the oalculafcd winimum pressure
point. With further decrease in section 1lift ceefficient,
the point of transition appeared to move forward as is
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indicated by the occurrence of transition from laminar

to turbulent flow at x/c = 0.3 at ¢, = 0.16. The
forward movement of transition is attriduted to the
increased Revnolds number which accompanies increasing
alirplans speeds and decreasing ssction 1ift coefficisnts.

It is possible that, although o considerable improve-
mant was made in the syrlace waviness by the very carseful
refinishing of the wing section (pigs I and 6), a still
furtner reduction in waviness may have resulted in
movement of the voint of transition at least up to
minimuam pressure point. ‘

('D(D

th
th

The transition results ob*ai sd with power off -
that is, with engine throttled: LﬂdlCdte that, illowing

for experimentel error, the @xtenb ol fre. WaMLnar
boundary layer was no q“oauar than with normal operation

. e . .
of the engine. (Two valuss of" qwi at a given 1ift
coefficient (fig. 10) indicate an wunsteady boundary- .

n in which the total pressure next to the
~om one level to the other.,) In the
cendition, as obtainsd in a steady

laver conditil
surface varie

o
a r
high W'ng loading
turn at an indic
r
c

T
)
ated alirspee d of 300 miles per hour and
-4 ncrmal acceleration of 2g, transition appeared tc be
as far back on the unnsr surface as in normal flignht for
q ,
; : s ; c
the same 1ift coefficients. (The value of a~l at
. C 2 :
x/c = 0.10 for the 2g turn is off-scale; that 1is,
qcl
— = 0.5.)
q
€2

The variation of the point of transition with section
1ift coaefficient is given in figure 11. Transition
apvearsd to reach the most rearward position at x/c = 0.50
or about 5 mercent of the chord forward of the calculated
minimum pressure vnoint.

Profile drag in normal flight.- The profile- qug
coefficients obTained In normal “l*pkf on the right wing
section with smooth and standard surfaces ars shown in
figure 12. Because tuft survevs over the unper surface
near the tralling edge of this ssction indicated nc cross
flow in the boundary layer, the walke surveys are valild.
Tor the smootl: surfacss, the wrolJTc -drag coafficisnt
decreased with decreasing 1ift coefficient and increasing
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speed vntil a minimum of O OOhj was obtained at cj = 0.185,
R = 16 x 106 and Vy; = 279 miles per hour; with a

"

S
further decrease in 1ift coefficient, there was an
increase in the orofile-drag coefficient that correononded
to the increment in profile-drag coefficient estimated,
according to the method of raference li, from the noted
forward movement of ths point of transition. As may be
expected from the transition results, no favorable effoct
on profile drag was observed due to alirplane operation
. with power off., With the standard surface finish, a _
minimum orofile-drag coefficient of 0. 0063 was obtained
at about ¢ = 0.22, R = 1.7 x 100, and Vi, = 250 miles

per hour. At the higher 1ift coefflclents, the profile-
drag coefficients of the surface with the standard finish
tended to approach the values obtained on the smooth
surfaces. ' .

Profile drag at high w1ngﬁload1nds.- The profile-
drag coefficilents of the rignt wing section with smooth
and standard surface finishes, as measured in steady
turns at an indicated airspeed of about 300 miles per
hour, are shown in figure 13. Falred curves representing
the results obtained in normal flight are included for
comparison. The comparison of the results for the
standard surfaces in turns and in normal flight is
limited to 1lift coefficients corresponding to 2g and
2.5g turns, hecause the tests in turns and in normal
flight wers conducted over dirfferent ranges of 1lift
coefficient that overlanned from c; = 0.32 to CL’:O-hO-
At ¢y = 0.32 ana ¢ = O. 2Ly, for which a direct com- -

. parison was npossible, the profile-drag coefficients for

. the standard surfaces in turns and in normal flight were
about the same. At c3 > 0.45, the profile-drag coeffi-
cients of the standard surfaces in turns were about the
same as the profile-drag coefficlents of the smooth sur-
faces in normal flight.

The profile-drag coefficients of the smooth surfaces
in turns were higher than the profile-drag coefficierits
in normal flight throughout the range of 1ift coefficient
tested; the incresase amounted to about 6 percent at
c; = 0.30 and to abcut 1l percent at c¢; = 0.58., The
profile-drag coefficients for the smooth surfaces in
turns were lower at 1ift ccefficients less than 0.40
and greater at 1ift coefficients greater than 0.0

han the profile-drag coefficients of the standard
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surfaced® in turrs;* o °3q“?s~fac"cor-y e'xplana-b:fn of this
result, which is contrary to general expectations, has
been found. :

In crder to determine how closely the critical Mach
numnber of the right wing section was approached in the
high-speed turns, the critical Mach number M., was
estimated from. gressure distributions calculated for

: . PP 2

section 1ift coefficients of ¢y V@i- M= by the method
of reference 3, in which the megsured ora*nates of the
right wing ssction are used, and from the von Karman-
Tsien relation (raference 5) betwsen M., and static
pragawre for incompressilh

Mach number M to the estimated critical Mach number M.,
for the various normal accelerstions experienced in the
tests are as follows: -

Normal I/”c" o
acceleration For standard Por smooth

(g) surfaces surfaces
2 O.)b 0.70
2.5 B0 , .75
3 85 .81
5.5 .85 .88
i .99 91

The results ohtainad in high- sneed turns therefore. indi-~
cated thet, for the range of values of R/N experienced
in the tests, no increase occurred -in-the profile-drag
cosfficient of the standard surfaces above that cbtained
in normal flight at lower Mach numbasrs and COPPGQDOleng
section 1lift coefficients (from 0.32 to 0.63); whereas,
for the smooth surfaces, increases of about 6 psrcent at

cy = 0.30 and sbout il nercent at cy = 0.58 were obtained.

Left Wing Secticn in Propeller Slipstream
Boundary~laver transition,- The variation with
section 111t coefficient of the voint -cf transition on
the smooth uvner surface of the left wing section in
the slipstream and the effect of~ mnTLﬁ oneration on
transition are shown in figures 1l and 15. With normal

ble flew., The ratios of the flight

'
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engine onerstiong thes pointe of gransition moved rearward
from x/c = 0.05 to  x/c = 0.20 as the. section 1lift
coefficient was decreassed from about 0.l to 0.2L., The
most rearward position of transition for the range of
1ift coefficient tested lay between x/c = 0.20 and

x/c = 0.25; however, it is highly probable that, if the
test with the boundary-laver rack located at x/c = 0.25
were extended to slightly lower 1ift coefricients such

as were experienced in the tests for other chordwise
locations of the racks, transition might have occurred

at x/c = 0.25. With the engine throttled, transition

at a given 1ift coefficient occurred approximately )i per-
cent of the chord farther rearward than with power on.

Frofile drag.- After the wake surveys on the upper
surface of the left wing section in the slipstream were
completed, tuft surveys were made at vositions a, b, c,
and 4. (3ee fig. 2.) These surveys have shown that
cross flow in the houndary laver existed and was directed
toward the fuselage with angular deviations {(in deg)
from the thrust axis as follows:

“~ Taft
Vs s
mv)Ooltlon a b e a
(mph).
Power on
185 28 - 20 5 10
255 20 15 5 10
510 20 15 5 10
Power off
185 18 15 5 10
255 18 12 8 10

Because of the cross flow, the wake survevs on the
upver swface of the left wing sectlon in the slipstream
cannot be used to determine the nrofile-drag coefficient
of the upper surface of this section. If the presence
of cross flow is ignored, however, as it would bhe if
the tuft surveys were not made and there were no reason
to suspect the measurements, the evaluation of the wake
surveys by the usual methods would glve: an aprarent
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profile-drag coefl io4ent of 0. Oh% 71th normal engine

e

opsration and 0.0040 with enﬁ_Ae tn“ottlpq at a section
1ift coefficignt of about 0.20 and a Reynolds number of
about 19 X lOD. This Gifference in the apparent profile
drag coefficients -as obtained with normal engine opasra-
tion and with engine throttled would be expected from
the transition results, which showed a more rearward
position of transition with engine. throttled.

In order to obtalin some idea of the magnitude of
the profile-drag cosfficlent to be sxpected on the
upver surface of thes left wing section, the profile-
drag coefficient was computed for a section 1ift cosf-
ficient of 0.20 and a Eeyno¢ds nuubesr of 19 x 106 by
the method of reference ! and by using the nositiocn of
transition as measured on the upper sur*dc f this
section with normal engine operation Prof Lle drag
coefficisnts computed in this manner h“ve been found
in other investligations to agree rather well with
profile-drag coefficients moasured in absence of cross
flow. The results of the computations in A*Jﬁtnd & value
of nrofile-drag coefificient of 0.0 55 for he apper
surface as compared with the apnare t value of the
negsured profllo—drag ceefilicient of OL for the
prrer surface. It should be mentiocne ﬁ that the profile-
rag coeffL01u ts computed from the observed transition
yoints were based on slinstream dvnanic pressure and
hat Lne nrofile-drag cecefficient based on fres-stream
dynamic pressure mav be obtained by multipnlying the
comnuted profile-drag coeflicients by the rutlo of
sllks+ream dynanlc pregsure to free-stream dvnamic
pressure.,

o

>
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2

s

2
fb

J‘]

ot 3 Cu s‘_‘. 3

CONCLUSIONS

. The results of the flight investigation of boundary-
layer transition and hloplle drag on the lov~dra"'w13g of
an expaerimental fighter-tyne Qirp‘ane, the “P 47“ have
shown that:

For the specially finished right wing section, which
was aerodynamically smooth but had meaSUﬂable
residual waviness,
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1. The drag characteristics realized were in reason-

able accord with expectations for the type of section
tested.

2. The noint of transition on the uvpper surface .
moved rearward with decreasing 1lift coefficient to about
50 percent of the chord and then moved forward again
with a further decrease in 1lift coefficient. This
forward movement of the point of transition was attri-
buted to the incr’auinv Reynolds number that accompanies
decreasing 1ift coefril c1“nt in flight, The section 1ift

coefficient and Reynolds number corresponding to transi-
tion at 50 percent of the chord were 0.18 and 15.7 x 100,
respectively.

3. The O”Ofllﬂ -drag coef

ficlent decreased with
decreasing lift uoe”f101“nt until a minimum of 0.004L5
was obtained at a section 1ift coefficient of about 0.19
and a Reynolds number of asbout 15.9 x 106. With further
decrease in 1ift coetd flC‘Gnt, the nrofile-drag coefficient
began to increase again by an amount corresponding to the
forward movement of t¢an01b10n cn the upper Serace

li. No difference in the point of transition on the
upper surfsace or in the profile-dragz coeflficient was
observed when the alrplane was flown with normal engine

operation and with engine throttled.

5. An increas¢ in profile-drag coefficient of & to
1Ly percent, at 1ift coefficients of 0.30 to 0.58,
respectively, above that obtained in normal flight at
lower Mach numbers and corresponding 1ift coefficients
was measured in steady turns at an indicated airspeed
of ?OO miles per hour with normal accelerations from 2g
to i

For the standard right wing section with camouflage
paint and normal construction waviness
6. A minimum profile-drag coefficiznt of O. 0063 was
obtained at a sectilon 1ift coeP icient of 0,22 and a

‘
Reynolds number of 1.7 x 1G°,

7. No increass in profile-drag coefficient above
that cbtained In normal flight at lower Mach numbers and
corresponding 1ift cecefficients was measured in steady
turns at an indicated airspeed of 300 miles per hour.
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For the speclally finished unper surface of the left
wing section in the nrcpellier slipstream

8. The most rearward position of transition measured
with normel engine operation was betwsen 20 and 25 per-
cent chord at a section 1ift coefficient between 0.2L
and 0.18 and ?t a Reynolds number betwsen 13,7 X lO6
and 21.5 x 10%, respectively. With the engline throttled,
tihie position of transition was.M nercent of the chord
farther rearward from the leading edge than that obtained
with normal engine operation.

9. The attempt to measure the profile drag of the
uonper surface by a half-wake trailing-edge rake was not
successful because a large lateral component of boundary-
layer flow existed at the trailing edge of this section.

Langley Memorial Aercnautical Laboratory -
~National Advisory Committee for Aeronautics
Langley Field, Va.
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ORDINATES OF RIGHT W

[All values are given in fractions of chord,
were measured relative to an arbitrary chord and

with inboard T.E.

.oo OTAE

inkmatn)

L ]
[ ]
[ d
»

)

o o

e .
JE oE (X}

ING SECTION OF XP-Li7F AIRPLANE

Ordinates

of aileron in line with T.E.

of flapq
Ordinate
Station
Upper Lower
surface surface
0 0 0
L0125 0139 -.0163
E 0249 -.0213
.050 ; -.027%
.075 .0415 -.0333
.10 - 0579
.15 05nr -.0455
.20 L0562 -.0501
.2 0725 L0516
.30 ( -.0581
'55 080l - 0005
L0 0829 L0620
L5 0¢u1 - oéao
.50 .08L0o -. 0629
.60 .0796 -.0600
.70 0671 -.0506
.80 L6z N
.90 .0196 -.0129
1.000 0 0
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~ Figure 2~ Sketch of XP-47F airplane showing
location of wing test "sections.
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(a) Measurements 6 inches outpoard of sectlon,

center line.
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(b) Measurements at section center line. _
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(¢) Measurements 6 inches inboard of section

center line..

Figure 5.- Surface-waviness index of smooth upper
surface of left wing section 1n sllpstream.
XP 47F alrplane.
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Figure 4.- Surface-waviness index of smooth surfaces

¢f right wing section. XP-47F airplane.
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Figure 7.- Rake installation for wake surveys on right
wing section. XP-47F airplane.

NACA LMAL
32825

Figure 8.- Half-wake trailing-edge rake used for wake
survey on upper surface of left wing section in pro-
peller slipstream. XP-47F airplane.
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© Experimental ¢, = 0.200, M = 0.46
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Figure 9.- Pressure distribution over, smooth right
wing section. XP-47F airplane. .
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Figure 10.- Transition as determinedAon smooth upper
sur(@ce of right wing section. XP-47F airplane.
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Figure 11.~ Point of transition on smooth upper surface
of right wing section as function of section 1lift
coefficient. Reynolds numbers for corregponding sec-
tion 1lift coefficients plot.ed -above. XP-47F airplane.
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Figure 12.~ Profile~drag coefficient of right wing
section with smooth and standard surface. finishes,
in normal flight. XP-47F airplane.
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