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SUMMARY

An analysis of existing pressure-distribution data
was made to determine the variation of the tip loading
with wing plan form. A series of empirical tip coTFrec=
tions was derived that may be added to theoretical curves
in certain cases %o obtain a closer approach to the ac-
tual loading at the tip.

The analysis indicated that the need for a tip cor=
rection decreases as either the aspect ratio or the wing
taper is increased. 1In general, it may be saild thet, for
wings of conventional aspect ratio, corrections to the
theoretical span load curves are necessary only if the
wing is tapered less than 2:1 and has a. dlunt tip. If the .
tip is well rounded in plan form, no correction appears
necessary even for a wing with no taper.

INTRODUCTION

. The recent trend toward the use of airfoil theory for
determining the load digitribution for structural design
arose principally because it was found that the wvarious
combinations of wing taper and wing twlst that were being
used called for a rational system of specifying the load
distribution. Although it was known that the lifting-line
theory gave load distributions that were, in general, in
good agreement with those experimentally obtained, 1t did
not indicate the presence of a tip effect that was known
to exist for certein wing shapes.

The results of flight tests, reported in referemce 1,
indicated that, contrary to theory, the distribution of
the normal-force coefficient for a rectangular wing was
practically independent of the tip plan form when no twist
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was built into the wing and also that the shape of the dle-
tribution curve varied with the wing lift. This result is
also verified by wind-tunnel tests of untwisted rectangu-
lar wings as shown by figuro 1. Figure 1(a) shows typical
wind-tunnel distribution curves for a rectangular wing
with a square tip; figure 1(b) shows corresponding curves
for a wing with a circular tip. The dotted curves show
that the theoretical values of c¢n at the tip increase
rather rapidly as the rounding procoeds from the dlunt to
the more slender circular plan form. Also it can be seen
that the shape of .the theoretical curves does not vary
with wing Oy as the ratio of the ordinates of any two
curveos is equal to the ratio of the wing Oy values.

As a result of the foregoing discrepancies, some
doubt still accompanies the uso of the theory whon applied
to structural design. The present note is therefore in-
tended to supply information concerning conditions under
which a tip correction may be rogquircd and, whon one is
requirod, to estimate its character and magnitude. The
corroctions and corrocction factors given hereln do not
pretend to great accuracy sinco, in some lnstances, the
exporimental data available did not permit the establish-
ment of accurate gquantitative values. Since the errors
involved in tho present methods of structural analysis of
airplane wings may easily bo of the same order as the cor-
rections, however, the fact that some of the facitors may
not be of great accuracy is of minor lmportance.

DERIVATION OF TIP CORRECTIONS

Load Distribution

Since the values of ¢, at the tip are, for a given
wing Oy, lowest when there is no rounding at the tip, it
was decided to base the following empirical corrections on
theoretical curves for wings with straight tips. The first
step was to determine the differencesbetween the actual ex-
perimental curves for rectangular wings, regardless of %tip
shape, and the computed theoretical curves for similar
wings with a rectangular tip. These differences were plot-
ted ngainst span location for various values of wing Oy
and for each wing aspect ratio. By averaging these diffor-
ence curves, for a given aspect ratio and at a given wing
Cx. =zero 1lift ey distribution curves were obtained.
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These curves were all characterized by small negative in-
crements over the larger portion of the span except near
the tip region where the incroments became large and posi-
tive. When the small negative increments along the span
were neglected, it was found that the distance in from the
tip at which a pronounced tip effect appeared was roughly
40 percent of the mean chord (0.4 S/b) regardless of as-
pect ratio. This fact is illustrated by figure 2, which
shows distridbution curves taken from reference 4 for as-
pect ratios 3 and 5. It can be seen that the distance in
which a tip effect appears tends to be constant and that
the shape of the increment curves would be substantially
the same.

The empirical corrections found by the foregoing pro-
cedure are shown in figure 3(a) for the rectangular wing
of aspect ratio 6. These increments are to be added %o
the theoretlcal curves for rectanguler wings with square
tips, starting at a distance of 0,4 S/b in from the tip.

A comparison of the increment curves for aspect ratio
6 with those for other aspect ratios showed that, instead
of having separate sets of curves, a factor might be used
to convert the corrections of figure 3(a) to other aspect
ratios. This factor, which is shown in figure 3(c), serves
as & multiplier to the ordinates of figure 3(a). The va-
riation of this factor was determined mainly from the dafta
contained in references 1 and 4.

The procedure used to determine the increments for
tapered wings was the same as that used for rectangular
wings. The experimental dats on tapered wings were, how-
sver, much more limited in scope, being confined for all
practical purposes to those given in references 5 and 6,
inasmuch as data from other sources generally contained
unknown amounts of twist near the tip portion of the wing.
This unknown twist was caused by rounding the tip portions
of wings that were originally trapezoidal in form. Conm-
parisons for the series of wings tested in reference 5 in-
dicated an agreement between theory and experiment, within
the experimental error, for the 2:1 and 5:1 tapered wings
and, hence, it may be inferred that no correction would be
necessary for taper ratios greater than 2:1. Similar com-
parisons of the tapered wings of reference 6, howeveéFr, in~
dlcated that there should be = small correction for.the
231 tapers The final correction-factor curve for taper
(figse 3(c)) shows the variation decided upon as the best
avorage. Since the one test available for a taper greater
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than 221, i.e., the 5:1 taper of reference 5, showed lit-
tle disagreement between experimental and theoretical dis-
tributions below the stall, the correction factor for thils
taper was assumed to be zero.

In order for the final tip corrections to fit the ex-
perimental trends, i.e., for the- tip corrections to de-
creasge with increcase in aspect ratio and to disappear as
the taper increases, the correction factors for aspoct ra-
tio and topor must be multiplied together bofore being
uged to oxpand or contract the ordinates of the curves
givon in figure 3(a).

Although the effect of sweepback may theoretically be
congidered as equivalent to a washin and sweepforward as a
washout (reforence 7), this trend could not be definitely
determined from the experimental data available. Preossuro-
digtribution results from reference 8 for wings with both
10° and 20° gsweepback and sweepforward seem to substantiate
the theoretical trend in the load variation for the portions
inboard of the %ip. 1In the tip region (0.4 §/b), how-
ever, the experimental results are apparently opposite to
the trend indicated by the theory. This behavlior may be
due to the test procedure employed as the wing was slmply
rotated about a yaw axis in the reflection plane to give
the desircd amount of swoep. This procedure caused the
pressure ribsg to be at an angle of yaw with respect to the
air stream and also caused the tips to become raked in an
unconnon nmanner. Other tests (referencce 5 and 6), in
which the wing axis (the line Joining the quarter-chord
points) was bent, indicated that the effect of ordinary
amounts of swecp on the span loading mey be negloctod.

/S For tailless airplanes with large amounts of sweopback,
the correctionsg would not apply.

Moment Distribution

The  experimental tip effect, however, is not entirely
confined to an increase in the tip loading but 1s accompa-—
nied by & considerable increase in the section moment co-
efficients. In the present report the increase in section
momont was empirically determined by anelyzing various sets
of-datn from references 1 to 6 and 8 to 10 for the value
of Acp occurring in the oxpression
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where CeDo is section center of pressure

a.c.,, average aerodynamic center for sections
inboard of the tip distance

Cmgy s section moment coefficient at zero 1Lift
[ gection normal-force coefficient

The. valucs of Acp obtained from the foregolng eqﬁation

were plotted against percentage of tip distance (0.4 S/b)
with section ¢ &as a parameter. The final averaged

‘curves are glven in figure 3(b) for a rectangular wing
of aspect ratio 6. The correction factors for taper and
aspect ratio (fig. 3(c)) previously found for the tip-—
load inérements also apply for the moments.

APPLICATION OF EMPIRICAL CORRECTIONS

The basic curves to which the Ac, corrections are
added are the theoretical ¢ or c,* curves for the

particular aspect ratio and plan form used; the tivs, how-
ever, are considered to be straight. The theoretical
curves may be determined by any of the various methods ™~
evailable, for example, by those methods in which the 1ift
is expressed ag a Fourlier series. If the actual wing has
linear taper other than the rounding at the tip, the un-
corrected 1ift distridbution at a O3 of 1.0 may be ob—
tained from figures 4(a), 5(a), and 6(a), which give the-
orctical curves for tanered wings with stralght tips.
Figures 4(b), 5(b), and 6(b) give the zero 1lift distribu—
tionsg for wings with a linear twiet. o ' o
The addition of the tip increments to the curve of
¢y distridution changes the wing G, or Oy, to a
slightly different value from that originally used and,
consequently, a small correction must be introduced. It
lg necessary that the final distribuiion Tor a definite
value of the wing O satisfy the equation

*In this note, wing O03; and wing Oy are considered %o
be equivalent as are section ¢y end section cp.
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b/ 2
GL = = cy, cdy
-b/2

Since the correction to the tvtal wing O is generally
very smell, it may be made as follows:

(1) Convert the resultant span c¢; curve, after the

corrections are added, to a lcad curve and integrate graph-
ically to find the total load.

(2) Determine the ratio of the desired load (corre-
sponding to the original or desired value of Cp) %to the
load of step (1).

(3) Multiply the ordinates of the load curve of step
(1) by the ratio of step (2) and, if desired, convert back

to a span ey - curve.

For the linearly tapered wing with either e straight
or a circular tip, the following shorter method may be
used. The basic theoretical span loading is obtained for
an initial value of [Cr], which is different by the
amount contributed by the tip increment, instead of for
the final desired value of Op. This value of [Cr] 1is

given by
I:c]:;:l =0y - 5 T

where I and Fy are factors that may be obitained from
figure 7. The addition of the empirical tip correctlon
will then bring the resultant Oy wup to the deslred value,
within the limits of precision obtained in a graphical in-
tegration. The curves of figure 7 may be interpolated for
other tip shapes if desired.

COMPARISONS WITH EXPERIMENT

Several comparisons between theoretical, experimental,
and theoretical curves with the tilp increments added are
given in figure 8. These figures are largely self-—explana-
tory and indicate that the modified curves show & reason—
able agreement with the experimental curves over & wide
range of couditions.
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Prom the comparisons indicated in figures 8(c) and
8(d) it may be concluded that, ordinarily, 1% is immaterial
whether or not the tip correction is included with the the—
oretical curves if the taper ratio is greater than about
2:1. Comparisons of the shape of the experimental and the-
oretical ¢ curves for a straight wing with a circular
tip (figse. 1 and 8(b)) also indicate that no positive gain
in accuracy would be had by using tip corrections when it
is known that, in practice, the actual ¢y distribution
will be influenced by extraneous factors about which there
is little information. Similarly, for tapers between 1:l
and 2:1, no correebion would presumably be required to the
theoretical curves if the %tips were well rounded. Thus,
the only time that a tip-load correction would be necessary
on a wing with little or no sweepback, if theoretical dis-
tribution were used in design, is when the wing has a small
taper in a combination with a blunt tipe.

Even though it may be unnecessary to apply a &orrec—
tion to the load, it may be necessary to consider the efe-
fect of an increase in section moments at the tip, partic—
ularly if the design condition is at 2 falrly high wing
Cr, because in certain types of construction more load

would be thrown on the rear spar at the tip.

The comparisons made between the computed and experi-
mental curves, which include data other than those shown
in figure B, are summarized in figure 9. The curves for
this figure were obtained by plotting the differences be-
tween corrected theoretical and experimental curves at all
points along the span for various aspect ratios and wing
tapor ratios. Positive differences indicate that the com-
puted values are high and vice versa. It will be noted
thaet the differeonces as a whole arc approximately symmet-
rically disposed about the zero axis and are indicative
of the averaging that was necessary in deriving the incre-
ments. It can be seen that for monoplanes without twist
the agrecement is good throughout the span. Although the
discrepancies are larger for the biplane and the monoplane
with 15° twist, it must be remembered that they ropresent
fairly extreme cases.

When it is necessary to use a correction to the load~-
ing, the specific steps to be employed in applying the
derived corrsctions could be as follows:

(1) ZFrom the conditions of the problem determine
the wing Oy or O based on a wing area assumed to
carry %through the fuselage.
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(2) Determine both the aspect ratio and taper ratio
of the wing, considering the tip as straight.

(3) From results given by steps (1) and (2) deter-
mine: factors F, and Fy and find [Cp] = Cp - P, Fy

(4) 1If the taper is linear, the theoreticel ¢ dls-
tribution may be found from figures 4(a) to 6(a). Multiply
section ¢y values by the value of [CL] from step (3)

and add twist curves (figs. 4(B) to 6(b)) reduced or in-
creased in proportion to the actual twist.

(5) Determine the tip corrections from figures 3(a)
and 3(b)., The distance affected by the tip is 40 percent

of the mean chord. The tip increments are modifled by the(

aspect-ratio and taper-ratio factors (fig. Z(ec)).

(6) Add the tip increments to the curves of step (4)
and reduce to a load curve.

For special cases whers double taper or an odd twist
occurs, the tip corrections may presumably be applied as
before to the theoretical curves, but the factors ¥  and
F, are no longer applicable and an integration will be
regquired after adding the corrections to determine the new
07 value. The tip~moment increments (fig. 3(b)) are to
be added to the basic section-moment coefficients; first,
however, a correction should be made to the increments for
the effect of aspect ratio and taper.

FPor wings with well-~rounded tips, the appropriate
load distributions may be obtained directly from refer—
ences 11 and 12, as no tip corrections t¢ the load are Tre~
quired.

Langley Momorial Aeronautical Laborator&,
Naotional Advisory Committee for Aeronauntics,
Langley Field, Va., July 13, 1937.
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