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NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

TECHNICAL NOTE D-339

EXPERIMENTAL AND THEORETICAL STUDY OF A RECTANGULAR
WING IN A VORTICAL WAKE AT LOW SPEED

By Willard G. Smith and Frank A. lazzeroni
SUMMARY

A systematic study has been made, experimentally and theoretically,
of the effects of a vortical wake on the aerodynamic characteristics
of a rectangular wing at subsonic speed. The vortex generator and wing
were mounted on a reflection plane to avoid body-wing interference.
Vortex position, relative to the wing, was varied both in the spanwise
direction and normal to the wing. Angle of atback of the wing was
varied from -4 to +6°. Both chordwise and spanwise pressure distribu-
tlons were obtained with the wing in uniform and vortical flow fields.
Stream surveys were made to determine the low characteristics in the
vortical wake.

The vortex-induced 1ift was calculated by several theoretical
methods including strip theory, reverse-flow theory, and reverse-flow
theory including a finite vortex core. 1In addition, the Prandtl lifting-
line theory and the Weissinger theory were used to calculate the span-
wise distribution of vortex-induced loads. With reverse-flow theory,
predictions of the interference 1ift were generally good, and with
Weissinger's theory the agreement between the theoretical spanwise
variation of induced load and the experimental variation was good .
Results of the stream survey show that the vortex generated by a lifting
surface of rectangular plan form tends to trail back streamwise from the
tip and does not approach the theoretical location, or centroid of
circulation, given by theory. This discrepancy introduced errors in the
prediction of vortex interference, especially when the vortex core
pessed Immediately outboard of the wing tip.

The wake produced by the vortex generator in these tests was not
fully rolled up into a circular vortex, and so lacked symmetry in the
vertical direction of the transverse plane. It was found that the
direction of circulation affected the induced loads on the wing either
when the wing was at angle of attack or when the vortex was some distance
away from the plane of the wing.
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INTRODUCTION

The problem of determining the aerodynanic characteristics of wings
or tail surfaces in the flow field downstreai of lifting surfaces has
been the subject of much research. This prohlem has two basic parts:
first, to determine the stream conditions in the wake of a lifting
surface, and second, to evaluate the effect >f this nonuniform stream
on the trailing surface.

For canard configurations with the reduzed wing span relative to
tail span of many present-date configurations, the assumption of uniform
downwash at the trailing surface is inadequate. Methods for estimating
the development, rate of roll-up, and location of a vortical wake are
given in references 1, 2, and 3. Most published experimental data
concerning the effects of vortices on wings were obtained in the presence
of bodies which introduce additional unknowns into the problem (see
refs. 4 to 6).

The purpose of the present investigaticn was to study the effects
of a vortex on a trailing wing under controlled conditions. Tests were
made with & half-span rectangular wing in tlre wake of a vortex generator.
Theoretical calculation of the wing loads wés simplified by the use of
a half-span model mounted on a reflection plane which eliminated the
need for a body with its attendant crossflov. The wing was instrumented
to measure local surface pressures in order to determine the chordwise
and spanwise distribution of interference lcad. Extensive stream surveys
were also made to determine the strength of the circulation and to locate
the center of the vortical disturbance.

NOTATION

ae radius of vortex core, ft
ko) wing span, ft
c local chord, ft
Cgq, average chord of wing, It
¢y section 1lift cecefficient

. ce s L
Cy, 1ift coefficient, ag

(ALl 1ift coefficients are based oa the area of the wing.)

CIu, lift-curve slope, per deg

o oo w



N @D

XY 2

€57

interference factor, ratio of interference 1lift on wing to lift
produced by the vortex generator
lift force, 1b

Plower ™ Pupper
q

1ifting pressure coefficient induced by vortex,
free-stream dynamic pressure, lb/sq 't

y coordinate of wing tip, ft

wing area, sq £t

free-stream velocity, Tt/sec

vertical component of wind velocity (positive downward), ft/sec

Cartesian coordinates, streamwise, spanwise, and vertical,
respectively (fig. 1)

angle of attack, deg
local downwash angle %, deg

circulation, sq ft/sec

variables of integration corresponding to x,y
Subscripts

induced effect
forward flow
reversed flow
vortex

vortex generator
wing

THEORETICAL METHODS

The influence of a vortical wake on a rectangular wing was calculated

by several well-known methods for the purpose of assessing their relative
merits by comparing theory with experimental results.



The limitations and assumptions used in the theoretical analyses
are as follows:

1. Tinearized theory was used assuming inviscid potential flow.

S, The load on a plain wing in nonuniform flow was assumed to be
identical with the load on an appropriately -wisted wing in uniform
flow.

3. Infinite line vortex thecry was used in order to express the
nonunitorm stream angle as a single mathematical expression. Neither
the strength nor the path of the vortex was allowed to change in
passing over the wing.

Wake Representation

To represent the wake, the forward 1lifting surface or vortex
generator was replaced by a horseshoe vortex with the bound portion
along the quarter-chord line with span 2y, as defined by the Kutta-
Joukowskl theorem

Ig = ovVl2yy (1)

where the vortex span is obtained from the theoretical span load
distrivution (ref. 2).

A potential vortex with the tangential velocity inversely pro-
portional to the distance from 1ts center ic, of course, unrealistic
at the center. For some of the theoretical calculations, a rotational-~
core approximation as derived in reference 1. was used to eliminate this
singularity in downwash distribution at the center. Further, the actual
vortical wake may not be fully rolled up into a discrete vortex. The
wake can then be more accurately representec. by several horseshoe
vortices, distributed according to the spaniise circulation distribution
of the wing, as described in reference 2. llowever, in many practical
cases a single horseshoe vortex adequately represents the wake.

Vortex~-Induced Loaiis

The problem of determining the influence of a vortex cn a wing is
one of finding the 1lift on a wing in a nonuwiiform stream. One approach
to this problem is the classical strip theory which considers each
infinitesimal element of the wing to be independent from the others,
and the induced 1ift coefficient 1s

NSRNe N DI =g
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where g, 1s the two-dimensional section 1ift coefficlent per unit

angle of attack. Strip theory gives quite erroneous answers, at least
for untapered wings, when the vortex core passes near the wing tip since
finite loads are predicted at the tip of the wing. However, when the
vortex passes well inboard of the wing tip, strip theory may give
reasonable answers since the errors are symmetrical and hence compensat-
ing about the vortex core.

Within the limitations and assumptions previously indicated,
reverse-flow theory (ref. 7) can be applied to find the 1ift on a wing
in a nonuniform flow field. If the downwash 1s considered to be constant
in the chordwise direction and to vary in the spanwise direction, the
induced 1ift ccefficient given by this theory is:

Cr c 5
LO, a CCZ
i ey L>r ay (3)

cLi=_

where

CIU, three-dimensional 1lift-curve slope

ccC
L span lecading parameter in uniform flow
CaCL
€p spanwise downwash distribution in forward flow

The reverse-flow theory 1s superior to the strip theory since it accounts
for the variation in span load distribution due to wing plan form.
However, neilther theory defines the distribution of induced loads. The
need for a solution to the problem of the distribution of induced loads
suggests use of a lifting-surface theory.

Distribution of Induced Loads

An expression relating the lifting pressure on a wing to the local
downwash angle has been derived by several investigators (refs. O and 9)
using lifting-surface theory. In the notetion of this paper, the equa-
tion is as follows. (It is assumed that the wing lies in the =z = 0
plane . )
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This equation has not been solved analytically to date; however, there
are several simplifications which can be made that permit approximate
solutions to the problem. One of these is Prandtl's lifting-line theory
which is intended for large aspect-ratio wings; however, experilence

has shown that it is valid for aspect ratics as low as 3. The basic
assumption in the lifting-line theory is that at each element of a
finite wing the velocity distribution is identical to that for two-
dimensional flow around the element with V' instead of V as the
velocity at infinity, where

A :.{Vz + W2

The assumption of two-dimensional flow makes possible the evaluation of
the chordwise loading and also, for large asject-ratio wings, (y-7q) will
generally be much larger then (x-£) so (y-n) may be substituted for
Jf%-g)é + (y-1)° 1in the lifting-surface equetion. The spanwise varia-
tion of downwash may then be expressed as -

w(y)=—lf8i§rj_%ndn (5)

b

which is the Prandtl lifting-line integral ecuation expressed in terms
of the circulaticn.

A method for obtaining a numerical solulion of the lifting-line
equation for a wing in nonuniform flow (prescnted in detail in ref. 10,
p. 250) is summarized below. The spanwise viriation of circulation is

expressed as a trigonometric series of n terms, introducing the
variables ¢ and @ by the substitutions

y = -8 cos @ , = -s «¢0s 0
where s is the semispan of the wing. Then
I = 4sv (A;sin @ + Apsin 20 + Assin 3¢ + -+- + Ajsin n®) (6) -

The computations can be simplified by taking an odd number n of
equidistant values of ¢ from O to x. Equations (5) and (6) can now be

o o e
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combined to obtain a system ¢f n linear equations with n unknowns.
The local values of w/V mist ve specified at the n points. These
may be experimental downwash angles or the values computed for potential
line vortices. Solution of these equations gives the induced load at
the n points.

The accuracy of the computed results depends on the number of
control points used. In the present investigation an IBM 704 computing
machine was used to compute the circulation distribution for 45 points
along the semispan. Computing time was about 5 minutes and, the L5
control points were adequate to define the downwash distribution
encountered in this investigation.

Another approximate solution to the lifting-surface equation is
the Weissinger theory (L-method) which is similar to the Prandtl
lifting-line theory. In the Weissinger theory (ref. 11) the lifting
wing 1s replaced by a system of horseshoe vortices concentrated at the
quarter chord, with a spanwise distribution such that the downwash at
the 3/%-chord point will be equal and opposite to the corresponding
compenent of the incident flow. Both mathematical models are consistent
with the lifting-surface theory in the limit for infinite aspect ratio.
As in Prandtl's theory, the two-dimensional chordwise lifting pressure
variation was used. Since the boundary conditions are satisfied at

x~f = ¢/2, we may approximate the radical J(x-g)z + (y—n)2 by

z z
JZ /4 + (y=n)". With this simplification and after the terms are
regrouped, equation (4) may be written

S S 2
w(y) = - l}—ﬁ[‘[s (de;ir_nT)]dg . %[S J(CZ/M)yJ_r (y-n) d_ljdnJ (7)

m dn

An approximate solution for the spanwise distribution of circula-
tion may be obtained in exactly the same manner as for the lifting-line
theory (ref. 10). It is interesting to note that the equation for
Weissinger's method (eq. (7)) is identical to Prandtl's equation (eg. (5))
except for the additional term on the right-hand side of the equation.

The solution of the simultaneous equations is somewhat more
laborious because of the additional term. About 1-1/2 hours were required
to compute the coefficlents of the simultaneous equations on an electronic
computer. However, for a given wing plan form these same coefficients
may be used to compute any load conditions in only a few minutes.

APPARATUS

The experimental portion of this investigation was conducted in
the Ames T- by 10-Foot Wind Tunnel at a Mach number 0.3 and a Reynolds



nurber of 2.0 million per foot. This wind tunnel is a subsonic, closed-
returr, atmospheric tunnel.

The test apparatus included a rectangulor wing and vortex generator,
mounted on a reflection plane, and a multiple-cone stream survey rake
(see figs. 1 and 2). The wing could be pitched about its mid-chord
point, although its location on the reflection plene was fixed. Provi-
sions were made for mounting the vortex generators either in the stream-
wise plane of the wing or 1.5, 3.0, and 4.5 inches above the wing. These
vortex generators could be set at several fived deflection angles (most
of the results are for oag = 50). The leading edge of the wing was
15 inches (5 icnerator-chord lengths ) downstream of the trailing edge
ot the vortex generator.

The wing was of Fiberglas construction with static-pressure orifices
in chordwise rows on the upper and lower sur’aces at 12 spanwlse stationg.
A detailed drawing of the wing showing the pressure orifice locations
is presented in figure 3.

Three interchangeable vortex generators of rectangular plan form
with 3-inch chord and varying span were used (see fig. 1). BEach vortex
cenerator was Instrumented to measure 1ift by taking bending moments
at two stabions near the root. A flat section was used with symmetrical
wedses (200 total included angle) for the leading and trailing edges.
Because of strength considerations, the voriz=x generators were tapered
in thickness Trom 3 percent of the chord at the tip to 7, 10, and 12
percent at the root for the 5, 12, and 15-inch-span generators,
respectively.

The stream survey rake consisted of five 40° cones instrumented
to measure static pressures at four radial joints, 90° apart, on the
cone and also total pressure at the apex. Ietails of the rake are
shown in figure 4. The rake was sting mounted on a support system which
allowed the rake to be translated in the vertical direction (perpendicular
to the reflection plane) with the plane of the rake perpendicular to the
plane of the wing (see fig. 2). Surveys were made at various streamwise
locations by adjusting the length of the string.

TESTS AND PROCEDURI S

The entire test was conducted at a constant dynamic pressure of 125
pounds per square foot. All pressures were measured with manometers
using water as the fluid. The manometers wecre photographed and the tube
heights read to within *0.05 inch with the =id of optical film readers.

The reflection plane was mounted far erough from the tunnel ceiling
to exclude effects of the tunnel boundary leyer. Stream surveys made
in the vicinity of the reflection plane shoved a maximum variation
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of 1 percent of the dynamic pressure and a stream angle of 0.2° in the
downwash direction and no stream angle in the sidewash dircction.
Corrections for tunnel-wall interfercnce effects on the downwash angles
were found to be negligible and so were not included in the results.

A vortical wake was created by the vortex generators. Generators
of rectangular plan form were used so the wake would tend to roll up
rapidly into a single vortex. Lift produced by the vortex generators
was calculated from the bending moment measured by electrical strain
gages mounted on the surface of the vortex generators. Tests were made
with tufts of yarn attached to the upper surface of the vortex generators
to determine the maximum incidence angle allowable without appreciable
flow separation.

Static pressures werc measured on the upper and lower surfaces of
the wings in the uniform stream and in the wake of the vortex generators.
Increments of lifting pressure between the data obtained in a vortical
wake and in a uniform stream were then integrated over the wing chord to
get the induced section-1ift coefficients. A spanwise integration of
these section-1lift coefficients then gave the 1ift coefficient CLi’
induced by the vortical wake. From these results the interference
Tactor, a ratio of induced 1lift on the wing to the 1ift produced by the
vortex generator, was obtained.

A multiple-probe survey rake was used to measurc stream angle in
the downwash and sidewash direction and to measure local dynamic pressures.
A complete description of the method of calibrating a 40° cone to measure
flow angles and total pressure is presented in reference 12. The same
calibration technique was used in the present investigation, except that
dynamic pressure was cobtained from a difference of local static pressure
and local tctal pressure.

Stream surveys were made to locate the vortex and to measure the
strength of the clrculation in the alr stream. The survey rake was
moved parallel to the span of the wing and the spanwise increments were
varied between data points to adequately define the stream in the
vicinity of the vortex core. Spanwise location of the vortex center
was shown by a reversal in sign of the downwash angle while the width
of the core was taken as the distance between the maximum and minimum
downwash angles measured in a plane parallel to the wing at the predicted
height of the vortex core. Cilrculation was obtained by integrating the
induced velocity in the transverse plane along rectangular paths which
enclosed the complete wake. Repeatability of the data was shown to
be 0.5 percent of the dynamic pressure and 0.250 of the downwash or
sidewash angles.
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RESULTS AND DISCUSSICN

Determination of the characteristics of wings or tail surfaces in

a nonuniform flow field downstream of a lifting surface consists basically

of two parts: first, determination of the stream conditions in the flow
field, and second, evaluation of the effect <f this nonuniform stream
on the trailing surface. In the discussion to follow, both of these
features of the problem will be treated by ccmparing theoretical and
experimental results.

The Vortical Wake

4 comparison of theoretical and experimental downwash angles in the
crossflow plane of the wing leading edge 1is resented in figure 5 for
vortex generators with three different spans. These surveys were made
along a line parallel to the vortex generato:r trailing edge and close
to the center of the vortex. Although the s“rength of the theoretical
horseshoe vortex has been chosen to preserve the 1ift impulse, there is
considerable disagreement between the theore:ical and experimental
downwash angles. It appears that the magnitide and spenwise variation
of the theoretical downwash angles (fig. 5) ire reasonable but the
spanwise location of the theoretical vortex :ore is displaced from the
experimental location. Spanwise vortex loca:ions obtained from the
stream-survey data (see fig-. 6) are singularly different from the loca-
tions predicted by theory. The vortex formel by each of the three
vortex generators appears to originate at th: tip and then trail back
along a nearly streamwise path. It would se:=m that the location of the
vortex is strongly influenced by the small high 1ift region previously
measured at the tip of rectangular wings (se2 ref. 10, p. 274). varia-
tion of the span load distribution with aspe:t ratio may have affected
the rate at which the vortical wake rolled up, but it did not measurably
alter the vortex location.

Tt should be noted that this discussion on vortex location concerns
lifting surfaces of rectangular plan form. If the plan form of the
vortex generators had been highly tapered or elliptical, the agreement
between theoretical and experimental vortex locations might have been
better. Some published experimental data tend to substantiate this
plan-form effect. Wind-tunnel data (see ref. 13) obtained at a Mach
nmuber of 1.6 with a rectangular wing and experimental apparatus similar
to that used in the present investigation lccate the trailing vortex
nearly in line with the wing tip. In contrest, water-tank tests with
elliptical and triangular wings (see ref. 1, show the experimental
vortex core approaching the theoretical locetion several chord lengths
downstream of the wing.

In an attempt to find out more. about the origin of the vortex, a
stream survey was made in the region of the wing tip. The wing was used
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in this survey because of its larger size and more conventional section
than the vortex generator. Surveys were made in the transverse plane

at 20, 50, 80, 100, and 115 percent of the wing chord with the wing at

an angle of attack of 6°. In figure 7 the experimental vertical location
of the vortex center is shown with a half section of the wing drawn in

for reference. The vortex location was taken as the apparent center of
rotation of the downwash and sidewash velocity vectors in the transverse
plane. A well-defined vortex was found which appeared to be shed from

the side edge of the wing tip. The importance of this side-edge effect

in determining the nature of the wake of a rectangular wing is shown by
the strength of this tip vortex which was found by integrating the
crossflow velocities around a path which just enclosed the vortex core.

At the trailing edge the strength of the tip vortex was nearly half of

the entire circulation. In figure 7 the variation of circulation in the
chordwise direction is shown to illustrate the manner in which the vortical
wake develops. About 70 percent of the total circulation of the wing was
encompassed in this survey of the outboard one-fourth of the wing semispan.

The manner in which the wake of a wing rolls up into a trailing
vortex in viscous flow is not completely understood. A host of experi-
mental data shows the vortex, at some distance downstream of the 1lifting
surface, to have a core of finite diameter which rotates as a solid
body. An approximation for calculating vortex location and core size
is presented in reference 1. However, this method predicts vortex-core
diameters which are considerably larger than those obtained experimentally
by stream surveys.

Vortex-Wing Interference

The interference factors obtained by various theoretical methods
are shown in figure 8 as functions of the span of the vortex-generator
relative to the span of the wing. The experimental interference factors
obtained with a vortex-generator angle of attack of 50 are shown for
comparison. The classical strip theory is obviously in error near the
ratio of bG/bw = 1. Strip theory fails tc take account of the loss of
1ift effectiveness of those elements of the wing near the tip. The
infinite velocities near the center of the vortex and the finite 1lift
at the wing tip prescribed by strip theory resuli in excessively large
interference factors when the vortex passes near the wing tip. The
results of figure & show that if the span of the forward surface is
less than about two-thirds of the span of the following wing, strip
theory can be used to predict the interference load with reasonable
accuracy. The infinite interference factor is avoided in the reverse-
flow theory since the loading function goes to zero at the wing tip.
Also, modification of the reverse-flow computations to include a finite
vortex-core diameter effects a sizable improvement when the vortex core
passes near the wing tip and the calculated interference factors come
into good agreement with experiment.



The effect of the discrepancy between the theoretical and experi- -
mental vortex location (fig. 6), in terms of the magnitude of the
interference factor, is illustrated in figure 9. The interference factors
were conputed for oag = 59  using the reverse-flow theory, assuming &
finite vortex-core diameter, for three spanwise locations of the
vortex: (1) streamwise from the generator tip, (2) the location indicated
theoretically, and (3) the location measured experimentally.

It is apparent in figure 9 that correla.ion between theory and
experiment is very good for the vortex either trailing from the tip or
ai its experimental location. Use of lifting-line theory to predict
the vortex location results in sizable errors when the span of the
forward suriace is such that its vortex passzs near or outboard of the
tip of the following surface.

Effect of vortex height above wing.- Vaciation of the interference
ractor with the height of the vortex generat> r above the wing-chord
plane calculated by the reverse-ilow theory, including a finite core,
arrees quite well with experimental values as shown in figure 10.
However, the experimental interference factors obtained for various
vertical distances (zgy), showed one interesting effect which was not
accounted Cor by the theory. The experimental interference factors
obpaincd with a positive value of ag reach a maximum value at
zG/cw = 0.29 while the theoretical maximum, assuming the trailing vortex
£0 be symmetrical in the vertical plane, occurs at the wing-chord plane.
Tt is well known that the wake of a lifting surface starts out as a
vortex sheet which proceceds to roll up into = spiral while progressing
Jownstream. The spiral develops quite rapidly, but only asymptotically
approaches the fully rolled-up vortex assumed in the line-vortex theory.
In these tests, the vortex generator at a pcsitive incidence produced a
counterclockwise spiral { Looking downstream with the tall of the spiral
rnoving downward. It would seem, from the results presented in figure 10,
that the small part of the vortex sheet which is not yet rolled up
contributes a measurable part of the interfcrence load.

A sample calculation was made to substentiate this reasoning. Three
horseshoe vortices were used to simulate the distributed vortical wake .
The vortices were distributed according to ihe theoretical spanwise
loading, and the numerical stepwise integration procedure of reference 2
was used Lo locate the vortices in the tran:verse plane at the wing
leading edge. Interference factors obtainec by this theoretical method
arc presented in figure 10(a) for the vorte:: generator located plus and
minus 1.9 inches from the wing-chord plane. These results are in better
agreement with experiment than those of the single-vortex theory. Thus, N
it cen be surmised that the wake could be more accurately described by a
creater number of vortices properly distributed. This method 1s not
recommended except in unusually detailed studies since the number of
computations necessary to determine the vor-ex Jocation varies as the
square of the number of horseshoe vortices considered.

SO
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Effect of wing angle of attack.- Calculations of vortex interference
on a wing by two-dimensional line-vortex theory at other than zero angle
of attack require some additional assumptions. First, a streamwise
vortex is not parallel to the surface of a wing at angle of attack.
Further, since the vortex is deflected to some extent by the wing flow
field, the variation of the distance to the vortex along the wing chord
is unknown. In this investigation the height ol the vortex was
arbitrarily taken as the perpendicular distance between the mid-chord
point of the wing and the undisturbed path of the vortex. Fortunately,
the vortex height is not critical since the incidence of the wing i1s
usually a small angle and the computation of induced loads is fairly
insensitive to small changes 1in  2Zq-

The experimental interference factors obtained with a vortex
generator of half the wing span are presented in figure 11 for an ay
range of -4° to +6°. The experimental results show that with the wing
at angle of attack, the induced loads are dependent upon the direction
of circulation. The interference factors are larger when  ayy and dg
are of the same sign than when they are of opposite sign. Tor a wing
angle of attack of 40, this daifference amounts to about one-fourth ot
the interference factor at zero angle of attack. The Prandtl lifting-
line theory agrees with the experimental trend shown in Tipure 11 while
the reverse-flow theory fails to show this trend.

Distribution of vortex-induced loads.- Theoretical prediction of the
distribubion of vortex-induced loads is somewhat more difficult than the
caleculation of the total vortex interference. The spanwise induced load
distributions obtained by the 1lifting-line theory and the Welssinger
method are compared to the experimental induced loads in figure 12.
Measured downwash angles were used in the compubations to eliminate the
uncertainties in the theoretical vortex. The method of reference 10
for calculating spanwise 1lift distribution determines the circulation
distribution which satisfies the downwash anglee prescribed for a number
of control points on the wing. Thus the mutual influence of the control
points as well as the plan form of the wing is considered in these
computations. Considering the fact that linearized two-dimensional theory
was used, the agreement with experiment (fig. 12) is fairly good. The
Weissinger method predicts the vortex-induced loads better than the
lifting-line theory, especially for the wing in the wake of the 6-inch
vortex generator where the downwaPh field was most nonuniform.

Surprisingly good agreement between the theory, using Weissinger's
method, and experiment is shown in figure 13 for those cases wherc the
vortex generators were not in the chord plane of the wing. In those
cases where experimental downwash angles were available , the results in
figure 13 show thet a line vortex, with a finite core, trailing from the
tip is a reasonable representation of the actual downwash Tleld.

Although existing methods predict the spenwise distribution of
loade within the limitations of two-dimensional theory, no suitable
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theoretical method was found for predicting tie chordwise variation of
induced loads at subsonic speeds. However, tie pressure distributions
presented in figure 14 illustrate the experim:ntal chordwise variations
obtained in this investigation. Dashed portioms of the curves represent
extrapolations of the data in regions where the lifting pressures varied
rapidly between chordwise rows of pressure orifices. The chordwise
distribution of 1lifting pressures over the rezion inboard of the vortex

core looks very much like that obtained in twoy-dimensional flow. However,

in the region where the vortex core passes ov:r the wing, the induced
loads are concentrated near the wing leading :dge. Although the local
chordwise center of pressure varied widely in the region of the vortex,
the center of pressure of the total induced 1oad was never more than

3 percent of the chord away from the quarter-chord point of the wing for
any of the test conditions.

At the leading edge (see fig. 14), the vortex location is evident

by the reversal of the induced loads. However, downstream of the leading

edge the pressure contours cannot be used to -;race the vortex path
because of the mutual effects of the induced ressures acting over the
entire wing. Stream-survey data obtained one chord length behind the
wing showed that the spanwise location of the vortex did not change
appreciably in passing the wing, even with the wing at an angle of
attack of &°.

CONCLUDING REMARKS

The aerodynamic loads induced on a rectangular wing by a vortical
wake have been obtained for a number of vortex positions, both spanwise
and normal to the wing, and for the wing at scveral angles of attack.
Comparisons were made between the experimental. results, and predictions
were made with available theoretical methods. In addition, a stream
survey was made of flow angles in the vortica.. wake.

Stream-survey results showed that the walie of lifting surfaces of
rectangular plan form starts to roll up quickly forming a vortex which
trails back in a nearly streamwise direction :'rom the wing tip rather
than from the centroid of circulation predicted by the lifting-line

theory. This result is believed to be restricted to essentially untapered

plan forms.

Results of the investigation indicated that the vortex interference
1ift could be predicted over the range of tes; variables by the reverse-

flow theory if a vortical wake with a finite-core diameter were considered.

The accuracy of the theoretical predictions wiss relatively insensitive
to the choice of spanwise vortex position, except when the vortex core
passed immediately outboard of the wing tip.

N o =
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The experimental induced loads on the wing at zero angle of attack
when tne vortex was not in the wing-chord plane were different for a
positive and negative direction of circulation because of the asymmetry
of the vortex sheet which was not fully rolled up. When the wing was
at angle of attack the direction of circulation, regardless of extent of
roll-up, also affected the magnitude of the induced loads. In this
case, the induced load was greater when the vorticity was in the same
sense as that shed by the wing itself.

The spanwise distribution of vortex-induced loads was predicted by
1lifting-line theory with reasonable accuracy using either the measured
downwash angles or the values calculated for a potential vortex trailing
back from the tip of the vortex generators. Use of Weissinger's
modification to the theory improved the accuracy of the predictions.

Ames Research Center
National Aeronautics and Space Administration
Moffett Field, Calif., July 19, 1960
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Figure 2.- Test appatatus installed in the Ales T7- by 10-Foot Wind
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