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SUMMARY

Surface waviness and rib stitching have been inves-
tigated as part of a series of tests to determine the ef-
fects on wing drag of common surface irregularities. The
tests were made in the N.A.C.A. 8-foot high-speed wind
tunnel at Reynolds Numbers up to 17,000,000.

The results of the tests showed that the waviness
common to airplane wings will cause no serious increcase
in drag unless the waviness exists on the forward part of
the wing, where it may cause premature transition or pre-
mature compressibility effects. Waves 3 inches wide and
0.048 inch high, for example, increcased the drag 1l per-
cent when they covered the rear 67 percent of both sur-
faces and 10 percent when they covered the rear 92 per-
cent. A single wave 3 inches wide and only 0,020 inch
high at the 10.,5-percent-chord point on the upper surface
caused transition to occur on the wave and increased the
drag 6 percent.

Rib stitching increased the drag 7 percent when the
rib spacing was 6 inches; the drag increment was propor-
tional to the number of ribs for wider rib spacingse.
About one-third of the increasc was due to premature
transition at the forward ends of the stitching,.

INTRODUCTION

The N.A.C.A. has recently conducted tests to deter-
mine the effects on wing drag of surface irregularities
common to present-day airplanes, Results showing the ef-
feets of various sizes and arrangements of protruding and
countersunk rivet hcads, of spot welds, of several types
of lapped shecet-metal joints, of imperfections in butted
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Joints, of surface roughness, and of manufacturing irregu-
larities have been published in reference l. The present
note gives results showing the effect on wing drag of sur-
face waviness such as occurs on sheet-metal and plywood-
covered wings and of ribd stitching such as occurs on fab-
ric-covercd wings. The tests were made in the N.A.C.A.
8-foot high-speed wind tunnel at Reynolds Numbers up to
17,000,000,

APPARATUS

The N.A.C.As 8=foot high-spced wind tunnel, in which
the tests were conducted, has a closed circular test sec-
tion. Sphere tests have shown virtually the same critical
Reynolds Number as in free air (reference 2).

An N.A.CeAs 23012 airfoil of 5-~foot chord was used
for the testss The surface of the airfoil was aerodynam-
ically smooth; that is, further polishing would not re-
duce the drage.

The airfoil was mounted horizontally across the cen-
ter of the test secction“as shown in figure 1, The tunnel-
wall interference was reduced by cnclosing the ends of the
alirfoll In"shlelds Phatvdid not toueh the airfoil or tts
supports but-werc supported indcpendently of the balance.
The span of each shield was 10 inches and the active span
of the airfoil between the shields was 6 feet. The air-
foil extended 1 inch into each shield and the gap between
the airfoil and the shields was 1/8 inch.

The two~dimensional waves (fig. 2) were approximately
sinusodidal in cross scction and had straight-line elements
parallel to the span. The higher waves werc constructed
by cementing to the airfoil linoleum strips of the re-
gquired cross section, filling the cracks between the
strips with wax, sandpapering the whole with No. 400 sand-
paper, and polishings Waves less than 0.048 inch high
were built up on the airfoil with several layers of suc-
cessively narrower strips of paper. The steps at the
edges of the strips were filled and the whole was faired
over with lacquer-base glazing putty to give the desired
sinusoidal cross-sectional. profile and a smooth surface.
The threc~-dimensional waves were circular in plan form and
were similarly constructed with disks of paper (fige 3).
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Rib stitching was simulated as indicated in figures
1 and 4, Reinforcing tape was first doped to the airfoil,
short transverse pieces of rib cord were placed on the
tape, and pinked tape was then doped over both. The sur-
face of the tape was lightly sandpapered after doping and
the airfoil surface between the tapes was smooth.

METHOD

he drag was determined from force measurements at
1ift coefficients of approximately O, 0.15, and 0.30 over
specd ranges from 80 to 430, 80 to 370, and 80 to 270
miles per hour, respectively., The drag of the smooth
true airfoil was frequently checked during the tests.

For the circular waves and the thinner two-dimen-
sional wavecs, the movement of the transition point caused
by the waves was determincd by surface tubes. Some of
the tubes are shown in figure 3,

The method used for determining the dynamic pres-
sure, the air speed, and the Reynolds Number is described
igdreforence ls

PRECISION

Owing to constriction effects (explained more fully
in reference 1), the drag increments herein presented may
be high by as much as 6 percent of the increments at
speeds up to 270 miles per hour and by as much as 9 per-
cent at higher speeds. The drag increments being small
relative to the smooth-wing drag, these systcmatic errors
are unimportante

The slight scatter of the experimental points and
the agrcocment between the separate determinations of the
smooth=wing drag indicate that the maximum random error
due to balance friction, to fluctuation of the air flow,
and to variation of the condition of the airfoil surface
was about l.4 perccent of the smooth-wing drag at speeds
between 100 and 400 miles per hour and at lift coeffi-
cients of O and 0.15., At speeds below 100 and above 400
miles per hour and at all speeds at a 1lift coefficient of
0.30, the maximum random error was less than 3 percent.
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METHOD OF PRESENTATION

All results are presented as increases in drag coef-
ficient over that for the smooth airfoil at the same
speed and angle of attack. Because the results are pre-
sented as increments of drag coefficient, no correcitions
for tunnel-wall effects are required except for those due
to constriction effects, which have been discussed under
Precision,

Thig. basdcsplots i (Figss 5, 6,7, and 10) .0f this paper
show the variation of the drag increments with Reynolds
Numbere. The test speeds corresponding to Reynolds Numbers
of 10,300,000 and 17,600,000 were 0.3 and 0.6 thc speed of
sound, respectively.

SURFACE WAVINESS

The increases in drag coefficient caused by the two-
dimensional waves are shown in figure 5 for waves cover-
ing both surfaces from the 8-percent-chord point to the
trailing edge and, in figure 6, for waves covering both
surfaces from the 33-percent-chord point to the trailing
edges Figure 7 shows the drag due to single waves of the
samc type with the center of the waves 10.5 percent of
the chord from. the leading cdgc.

The increase of the drag increments at Reynolds Num-
bers above 14,000,000, corresponding to a Mach number (the
ratio of the air speed to the speed of sound in the air)
of 0.42 and to a speecd of 320 miles per hour under stand~-
ard sca-level conditions, was probably due to compressi-
bility effects rather than to scale effect. As was stated
in reference 1, this result emphasizes that,for high-
speed airplanes, it is important not only to choose suit-
able wing sections but also to construct the wings fo con-
form accurately to the chosen sectionse.

Figure 8 shows that, within the range of the tests,
the magnitude of the drag increment is chiefly dependent
on the ratio of wave height to wave pitch., For geometri-
cally similar waves (thosec having equal ratios of height
to pitch), however, thec smaller waves causc slightly
larger increases in drag, as would be expected bocause
the smaller waves produce larger absolute pressure gradi-
ent s,
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The dashed line near the bottom of figure 8 shows
the computed increment of skin-friction drag resulting
from the increased surface area and the increased veloc-
ity causcd by the waves on the rear 67 percent of the
airfoide Phe fgety thatethis dnencmen b« lonly fabouty fone-
sixth as large as the measured drag increase indicates
that most of the drag caused by the waves was forn drag
rather than skin-friction drag.

The flattest waves for which the drag was measured,
7.5 inches wide by 0.120 inch high (fig. 2) and 3 inches
wide by 0,048 inch high, were relatively higher than the
ones that usually occur on wings nade according to present
standards of workmanshipe Even so, when these waves cov-
ered the rear 67 percent of both surfaces of the airfoil,
they increased the drag only about 1 percent for nost of
the test rangee When these samc waves covered the rear
92 percent of both surfaces of the airfoil, they increascd
the drag 6 and 10 percent for the 7.5-inch and the 3-inch
waves, respectively.

Figure 9 shows in detail that waves, as well as
other surface irregularities, causc disproportionately
large increases in drag when they occur forward of the
smooth=-wing transition point (on the upper surface at the
21l-percent-chord position for the conditions of this
figure)., Comparison of figures 6 and 7 also illustrates
this facts, for exanples at a lift coefficlent 0f: 0wl and
a Reynolds Number of 10,300,000, a single 3- by 0.048~
inch wave centered 10.5 percent of the chord from the
leading edge on the upper surface increcased the drag six
times as nuch as waves of the sanme size covering the en=
tire rcar two-thirds of both surfaces of the airfoil.
The drag increment caused by the single waves was about
equal to the increment that would be cxpected from a shift
of the transition point forward to the center of the wave.
(Sece fig. 16 of rcference 1l.) The conclusion follows
that, forward of the smooth-wing transition point, the
wing should be free from waviness but that waviness of
ordinary proportions may be tolerated back of the transi-
tion point.

Waves of relativecly small height having been found
to cause serious increases in drag only when they induce
premature transition, tests were nade to ascertain the
smallest wave that would cause prenature occurrcnce of
transition. The results showed that waves 3 inches wide
on the upper surface of the airfoil 10.5 perceant of the
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chord from the leading edge caused transition to occur on
the waves unless they were less than 0,020 inch high, 4
single wave only 0,020 inch high and 3 inches wide would
therefore increase the drag about 6 percent at a 1ift coef=
ficient of 0415 and a Reynolds Number of 10,300,000.

Calculations based on the method suggested in refer-
ence 3 indicate that a wave 0,016 inch high and 3 inches
wide will produce a pressure gradient just large enousgh to
cause laminar separation, and therefore transition, to oc-
cur on the wave, The pressure gradient over such a wave
is so large relative to the gradient over the normal air-
foil that waves at other chord positions would have practi-
cally the same permissible height. The failure of a 0,016=-
inch wave to produce transition at the wave may have been
due to the fact that the profile did not exactly conform to
the shape assumed in the calculations,

It has been found from tests in the 8-foot high-speed
tunnel that, under some conditiond, a continuous spanwise
strip of smooth gummed tape 0.003 inch thick did not cause
premature transition but, when the take was made discon-
tinuvous by removing alternate inches of spanwise length,
transition occurred at the tape. Three-dimensional waves
(tigy 3), however, did not act in this manner; the permis-
sible height was about the same as for two-dimensional
waves, Transition occurred on the circular waves 0.020
inch high directly behind the centers of the waves but, be-
hind thinner parts of the waves, transition occurred far-
ther downstream, i

Owing to the fact that the principal effect of sur-
face waviness is the effect on the extent of laminar
flow, the position of the smooth-wing transition point
must be considered in applying the numerical results to

-other wings.

RIB STITCHING

The drag increments caused by rib stitching on both
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surfaces are shown in figure 10, The drag was incrcasecd
about 7:percent for a rib spacing of-6.dnchess HFigure: 1l
shows that, as the rid spacing was varied, the drag caused
by the stitching varied in direcct proportion to the nun=
ber of ribs. The coxperinental points indicate a slightly
curved line ratheor than a linear wvariation but none of the
points depart from the straight linc shown by more than
the cxperimental error. The stitching over ecach ribd ap-
parently acted independently of that over adjacent ribs
even when the spacing was as close as 6 inches.,

The rib stitching began 8 percent of the chord fron
the lcading cdge so that part of the drag increase was
undoubtedly due to the effects of premature transition.
The increment attributable to carly transition was esti-
natcd by assuning that transition occurred at the lcading
cdge of the pinked tapc and spread laterally and down-
strecam with a total included angle of 15°, The increnent
thus cstimated is shown by the dashed line in figure 1ll,
Alnost one-third of the total drag increase was due to
prenature transitione.

CONCLUSIONS

The nost important conclusions derived from the tests
described in this note, the nunerical cxamples being taken
st o 1iFt coofficient of 0415 and a Reynolds Nunber of
10,300,000, are!

l, Surface waviness of a magnitude common to airplane
wings will not seriously incrcase thc drag unless the wavi-
ness ecxists on the forward part of the wing, where it nay
cause prenature transition or premature conpressibility
effectss Waves 3 inchos wide by 0.048 inch high, for ex-
anple, increased the drag about 1 percent when the waves
covered the rcar 67 percent of both surfaces and 10 per-
cent when they covered the recar 92 percent.

2., A single wave 3 inches wide by 0.020 inch high at
the l0.5-percent-chord position on the upper surfacc was
just high enough to causec transition to occur at the wave.
The resultant drag increase was 6 percent.

3., Rib stitching corresponding to a rib spacing of
6 inches increased the drag 7 percent; the drag increment
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was proportional to the number of ribs for larger rib
spacingss. About one-third of the increase was due to the
premature occurrence of transition at the forward ends of
ofther € 1tehing.

Langley Memorial Aeronautical Laboratory,
National Advisory Committece for Aeronautics,
hangley Hield, Vas, July 27, 1939.
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Figure 1.~ Airfoil with simulated rid stitching mounted in wind tunnel. The airfoil 1s
set at a large negative angle to show the rib stitching.
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Total thickness

Fig. 4

of rib stitching. All dimensions are in

e.4.- Simulation
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