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WING CHARACTERISTICS AS AFFECTED BY PROTUBERANCES OF SHORT SPAN

By Eastman N. Jacoss and ALBERT SHERMAN

SUMMARY

The drag and interference caused by short-span pro-
luberances from the surface of an airfoil have been in-
vestigated in the N. A. C. A. variable-density wind
tunnel at a Reynolds Number of approzimaiely 3,100,000,
based on the chord length of the airfoil. The effects of
variations of the protuberance span length, span position,
and shape were measured by determining how the wing
characteristics were affected by the addition of the various
protuberances.

The results indicate that the central seclions of a rec-
tangular wing are more sensitive lo the addition of pro-
luberances than the ouder sections. A very short pro-
tuberance in the midspan position may cause a dis-
proportionately large reduction in mazimum lift. At
low values of the lift coefficient the drag due to the protu-~
berances increases approximalely as the total length for
protuberances of equal height, but al higher lift coefficients
induced inderference effects appear so that short-span
protuberances produce disproportionaiely large drag
increases. An example is included to show how airfoil
theory and a knowledge of the seclion characleristics may
be applied to estimate induced interference effects. The
adversg effects of protuberances are shown to be greatly
reduced by simple fairings.

INTRODUCTION

The National Advisory Committee for Aeronautics
is conducting in the variable-density wind tunnel a
series of fundamental investigations dealing with
serodynamic interference. The investigations will,
it is hoped, lead to the discovery of the sources of
adverse interference effects and provide data that may
be applied to the solution of practical problems of
design. Some of the investigations deal with the
effects of protuberances from the surfaces of bodies.
The data obtained from these investigations are
applicable to the prediction of the effects of projecting
objects such as fittings, tubes, wires, rivet heads,
joints, filler caps, and inspection plates protruding
from the main surfaces.

Variations of the height and the chord position of
protuberances extending along the entire span of an
airfoil have been investigated to determine how the
airfoil section characteristics are affected. These re-

sults have been published. (Reference 1.) Tests have

.also been made to investigate the effects of protuber-

ances from the surface of a body of revolution. (Refer-
ence 2.) Because the protuberances found on actual
airplane wings usually extend over only short portions
of the span, it is necessary to consider the effects of
short-span protuberances. The investigation with
which this report deals was therefore made to study
the effects of short-span protuberances and to form a
basis for the practical application of the airfoil section
data reported in reference 1.

Most of the present investigation was confined to
the effects of protuberances of one height at one posi-
tion along the chord of a symmetrical airfoil section.
The variables considered were the protuberance length
along the span, position along the span, and the num-
ber and shape of the protuberances. The generality of
the results was tested by investigating the effects on
the aerodynamic characteristics of a cambered airfoil
of protuberances simulating lift or landing-wire fittings
of a type sometimes found on airplanes. The tests
were made during March and April, 1932.

TESTS

The tests necessary for this investigation were made
in the N. A. C. A. variable-density wind tunnel at one
value of the Reynolds Number, approximately 3,100,-
000. This tunnel and the methods employed for testing
are described in detail in reference 3. The tests
herein reported were made in the usual way except
that the symmetrical airfoil used with most of the tests
was provided with the special mounting described in-
reference 1.

For most of the tests a standard 5 by 30 inch dura-
lumin airfoil having the symmetrical N. A. C. A. 0012
section (reference 1) was used. This airfoil was
tested with different protuberance arrangements in
order to determine the effects of varying the protu-
berance span length, span position, and shape. The
various protuberances were of one height, 0.0125¢,
and were placed on the upper surface of the airfoil at
the single position on the profile shown in Figure 1,
0.05 of the chord behind the leading edge. A strip of
metal to form the protuberances was placed in the
slot shown in Figure 1, which extended along the
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entire span of the airfoil. The portions of the strip
which were not needed to form protuberances were
carefully filed to the airfoil surface and polished to
present a continuous smooth surface. Protuberances
having various lengths were thus formed at the mid-
span position by progressively filing off the ends of the
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F1aurE L—N. A. C. A. 0012 profile showing protaberances

remaining protuberance. The airfoil was also tested
with short protuberances placed at positions along the
span corresponding approximately to those of the
interplane struts on single-bay and two-bay biplanes.
The protuberances that will be referred to as faired
protuberances were produced, as indicated in Figure

-
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RESULTS

The results are presented in the form of curves of
lift coefficient Cr, drag coefficient Cp, and moment
coeflicient about a point on the chord one-quarter of
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F1GURE 2.—Fitting arrangements on N. A. O, A. 4412 alrfoll

the chord behind the leading edge C,/; plotted
against angle of attack. These results, which are
corrected for tunnel-wall effects (reference 3), thus
represent the characteristics of an airfoil of aspect
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F1GURE 3.——The characteristics of an airfoll baving & protuberance on the upper surface at mid span

fairing, the cross section of which approximated a
small half-airfoil section on the surface of the main
airfoil.

Two tests were also included of an N. A. C. A.
4412 airfoil with protuberances simulating the inter-
plane wire fittings sometimes found on single and two
bay biplanes. These protuberances and their arrange-
ment on the airfoil are shown in Figure 2. ~

tive profile-drag coefficient Cp, plotted against the lift
coeficient C;. The effective profile-drag coefficient is
that obtained by deducting from the total drag coefli-
cient the usual induced-drag coefficient of a rectangular
airfoil of aspect ratio 6. (Reference 3.) The effective
profile drag therefore includes any additional induced
drag due to the protuberance over that of a plain rec-
tangular airfoil operating at the same lift coefficient.
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DISCUSSION

Protuberance length.—The results obtained by
varying the protuberance length are shown in Figure 3.
The characteristics of the airfoil with midspan pro-
tuberances of various lengths between one-tenth span
(0.10b) and five one-thousandths span (0.0058) are
compared in this fizure with the characteristics of the
plain airfoil and the characteristics of the airfoil having
the full-span protuberance, taken from reference 1.
The variation of drag and maximum lift with protu-
berance length, however, is shown more advanta-
geously in Figure 4 where the effective profile-drag
coefficients, corresponding to various angles of attack,
and the maximum lift coefficient are plotted against
protuberance length.

Referring to the curve in Figure 4 representing the
variation of the maximum lift coefficient with protu-
berance length, it will be seen that as the protuberance
length is increased from zero the maximum lift at first
drops very sharply, then at an approximately constant
rate. Apparently, a protuberance of length 0.01) is
sufficiently large to disturb the entire flow over the
central portion of the airfoil at large angles of attack.

The curves of effective profile-drag coefficient in
Figure 4 indicate that at the small angles of attack
which correspond to the small lift coefficients the
additional drag due to the protuberance is approxi-
mately proportional to the protuberance length. The
effect of a short-span protuberance on the drag of a
wing at very low lift coefficients may therefore be
approximated from the section characteristics of an
airfoil with a full-span protuberance. At higher angles
of attack corresponding to higher lift coefficients,
however, the moderately short protuberances produce
disproportionately large adverse effects. These effects
may be attributed in part to an additional drag re-
sulting from induced interference. The increase in
induced drag caused by the protuberance over that of
a plain rectangular airfoil appears on the plot as an
increased effective profile drag.

Induced interference.—Short-span protuberances
that reduce the lift coefficients of the airfoil sections
near the center of a rectangular wing tend to increase
the departure from the elliptical span load distribution,
and thus to increase the induced drag. This effect is
said to be due to induced interference. If the aero-
dynamic characteristics of all the sections of a wing
are known, airfoil theory may be applied to estimate
its span load distribution, and hence the induced
interference drag.

The span load distribution for a wing having a short-
span protuberance may be approximated as follows:
For a given angle of attack of the wing, a more or less
arbitrary curve is drawn representing a span load

157

distribution that is thought to approximate the true
one. From this assumed span load distribution, the
downwash is found at & number of stations along the
span. The effective angle of attack at each station is
then obtained as the difference between the geometric
angle of attack at the station and the downwash angle.
From the effective angle of attack at each station and
the experimentally determined airfoil section character-
istics for the section at that station, the lift coefficient
for the section at each station is obtained. A check
span load distribution is thus derived, from which,
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together with the span load distribution curve orig-
inally assumed, a more nearly accurate span load
distribution curve may be estimated. Thus, a curve
approximating the actual span load distribution may
be determined, as shown in Figure 5, by continuing the
process through successive approximations until a
check distribution is reached that agrees with the
assumed curve from which it was derived.

Figure 5 illustrates the application of this method
to the approximation of the span load distribution for
the N. A. C. A. 0012 airfoil with the 0.105 protuberance -
in the midspan position for an angle of attack of 15°.
Figure 6 shows some of the results.
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In the derivation of the check span load distribution,
the following equation for the downwash w8t any
station y; was used:
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(Reference 4)

where K is the circulation at any point along the span,
vy is the distance of any point out from the center line
along the span, and s is the length of the semispan.
This equation was put in & more convenient form by
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substltutnno L ¢V for K where ¢ is the chord length
and V is the free-strea.m veloclty, thus:
d
m_e %d:u
de.
dy P
However, because =7 approaches infinity as y ap-

proaches ¥, %07} was determined by expanding the equa-
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tion for the downwash to the more useful form:

do
3y W

d
w__ ¢ v;*AH—dy f’ =
L/ y - y
V 8‘5‘ J:-a y 871" 71+A yl_y

+L [(é__b _<d_£ :I
8xl\ dy /s~a \ dy Jo+a

where A is a small distance as compared with the span.
The first two terms were integrated graphically. The
third term resulted from evaluating

o R

8% Ju Ny
after expressing the span load distribution between the
limits y; — A and y, +A by the equation O, =a+ by -+ cy?,
the constants a, b, and ¢ being expressed in terms of the
elopes of the span load distribution curve at y=1;—
and y=19,+A.

Difficulties resulting from uncertainty in regard to
the exact form of the loading curve along the portions
of the span near the ends of the protuberance were
avoided by calculating independently the downflow
resulting from those portions of the lift grading curve.
The downflow resulting from each small portion of the
curve between. y=h—A and y=h-+A, where & is the
value of y at the ends of the protuberance, was
evaluated approximately by considering the downflow
to be induced by = finite vortex at y=h, the strength
of which is the difference between the vorticity at
y=h—A and y=h+A. This part of the downflow at
the station y,; due to each vortex is then given by

Wy OLh A Ol'bi
V 81!' h— -

When working through the successive approxima-
tions shown in Figure 5, the method was found to
require some care and judgment in order to converge
rapidly to an acceptable solution. The judgment was
required for the estimation of each succeeding approxi-
mate loading curve from considerations of the character
of the preceding loading curve and its check distribu-
tion. It was noticed, in developing this method, that
the use of the check distribution as the succeeding
approximation might lead to successively divergent
loading curves.

From the span load distribution, the lift coefficient
Cy, and the induced-drag coefficient Cp, were calculated
from the following equations (reference 4):

1 8
=g [ Gy

1 8
oz | B0y
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The value of C; calculated for this example was 0.97
as compared with the test value of 0.91, the discrepancy
being 7 per cent.

The calculated Cp, was 0.0670, which corresponds
to an increase of 26 per cent over that of the wing
without a protuberance at the same lift coéfficient.

The total drag coefficient of the wing was calculated
a8 follows: The average values of effective angle of
attack for the portions of the wing with and without
the protuberance were found from Figure 6(c) to be
20.5° and 9.9°, respectively. At these effective angles
of attack, the profile-drag coefficients for the corre-
sponding airfoil sections were read from the section
characteristics in reference 1. They were 0.296 and
0.0125, respectively. They were each multiplied by
the portions of the span their corresponding profiles
occupied (0.1 and 0.9) and added to the calculated
induced-drag coefficient to obtain the total calculated
drag coefficient. The value obtained was 0.108,
which was 14 per cent low as compared with the test
value of 0.1250.

The differences between the calculated and the exper-
imentally determined values may be due in part to
the fact that the section characteristics used in the
computations are average section characteristics de-
rived from tests of rectangular airfoils of normal aspect
ratio and not frue infinite aspect ratio characteristics.
Such calculations may be of value, nevertheless, in con-
nection with the interpretation of experimental results,
-and should also be of assistance in predicting certain
interference effects.

Protuberance arrangements.—The results of the
tests of the airfoil with the short protuberances at
various positions along the span are presented in Fig-
ures 7 and 8. It is evident from the lift curves that
protuberances distributed along the span away from
the center have a smaller adverse effect on the maxi-
mum lift than a protuberance of the same total length
at center span. The greater effect of the protuberance
at the center might be expected, because the central
sections of a rectangular airfoil near maximum lift
operate at higher effective angles of attack than the
outer gections. Protuberances near the center there-
fore tend to start the burble at a lower angle of attack.

Considering now the effects of the distributed pro-
tuberances on the drag in the range of the lift coefficient
corresponding to high-speed flight, the results of
Figures 7 and 8 indicate that the additional drag due
to the protuberances depends approximately directly
on their total length. Although this agrees with the
results of Figure 4, from which it was concluded that
the additional drag was proportional to the protuber-
ance length, it should be mentioned here that all the
results tend to indicate that at very low lift coefficients
protuberances of length 0.01b or less may produce rela-
tively larger than proportional adverse effects. If
very short protuberances do produce serious disturbing
effects, such objects as small protruding rivet heads on
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an airplane wing might be expected to reduce sub-
stantially the performance of the airplane. Full-scale
tests should therefore be made to investigate the effects
of a large number of such short-span protuberances.

The effect of the distributed protuberances on the
drag at higher values of the lift coefficient might be
estimated by applying the airfoil theory previously
described as applied to a midspan protuberance.
Experimental results (figs. 7 and 8) indicate, as might
be expected, that the distributed protuberances do not
increase the drag at higher lifts as much as a single
protuberance of the same total length at the center of.
the airfoil.
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Practical applications.—From practical considera-
tions, it is desirable to know whether or not the adverse
effects of protuberances may be eliminated by fairing
them into the wing surface, and if the effects of actual
protuberances can be predicted from the results of tests
of these simplified protuberances. The results shown
in Figure 8 indicate that the adverse effects of short-
span protuberances may be largely eliminated within
the working range of angles of attack by applying sim-
ple fairings as shown in Figure 1. The maximum lift
of the airfoil with the faired protuberances, however,
was not so high as that of the plain airfoil. The results
in reference 1, dealing with the fairing of full-span
protuberances, indicated that the adverse effect of a
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F1GURE 8.—The characteristics of an airfoil with varfous protuberance arrangements having same total length on upper surface
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protuberance on maximum lift was practically elimi-
nated by a simple fairing unless the protuberance was
very near the leading edge. In all probability, there-
fore, fairings over short-span protuberances from posi-
tions on the wing near or behind the front-spar position
would also eliminate any adverse effects on the maxi-
mum lift coefficient.

The applicability of the results to a practical in-
stance of a wing with protuberances was investigated
by testing an airfoil having the N. A. C. A. 4412
section with protuberances simulating lift or landing-
wire fittings. (Fig. 2.) The results of these tests are
presented in Figure 9. They indicate that within the
usual flying range of lift coefficients, the protuberances
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coefficient is found to be 0.0366. Then if the fittings
are considered as occupying the portions of the span
between the extremities of each projection, the portion
of the span occupied by the two outer-bay fittings is
0.0195, and by the outer-bay and inner-bay fittings is
0.056b. Then applying the conclusion that the effect
of short-span protuberances at low lifts is proportional
to the total length of the protuberances, the increase
in drag coefficient resulting from the two outer-bay
protuberances is found to be 0.0007, and for the outer
and inner-bay protuberances, 0.0020. The agreement
between these predicted drag increases and those
shown by the test results in Figure 9, 0.0008 and
0.0020, respectively, is good.
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F1aURE 9.—N. AT O, A, 4412 alrfoll with various fitting arrangements on upper surface

produce no marked loss of lift and therefore no marked
induced interference, although at very high lifts the
inner-bay fittings do show an effect on the lift. The
drag curve then shows a definite interference-drag
effect. The effect of protuberances on the drag of a
wing, from the practical designer’s standpoint, is of
greatest importance in the high-speed range of Ilift
coefficients where the induced interference effects may
beneglected. In thisrange,the dragdue to the fittings
would be approximated as follows: The increase in
profile drag due to & protuberance of equivalent
height, and at the same position along the chord as the
fittings (0.15¢ behind the leading edge), is taken from
the section characteristics of reference 1. If the
equivalent height of the fitting is taken as 0.0125¢
(the average height is 0.0124¢) and a value of the lift
coefficient of 0.2 is assumed, the increase in profile-drag

CONCLUSIONS

1. At low values of the lift coefficient corresponding
to the high-speed flight condition, the effect on drag
of partial-span protuberances is approximately pro-
portional to their total length. This conclusion,
however, may not apply to a large number of very
small protuberances, such as rivet heads, on an
airplane wing. Full-scale tests should be made to
investigate the effects of a multiplicity of small
protuberances.

2. At highervaluesof thelift coefficient induced inter-
ference effects may become important if the protuber-
ance is of the type that alters the airfoil section lift.
Under these conditions short-span protuberances may
produce disproportionately large effects, which for
rectangular wings are gresatest “when the disturbing
protuberances are near the midspan position.
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3. Small protuberances near the midspan position .

may produce serious adverse effects on the maximum
lift coefficient.

4. A simple fairing over a small protuberance prac-
tically eliminates its adverse effects.

LANGLEY MEAMORIAL AERONAUTICAL ILABORATORY,
NaTioNAL Apvisory COMMITTEE FOR AERONAUTICS,
LaneLEY FIELD, VA., October 24, 1932.
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