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EXPERImeNTAL AND THEORETICAL STUDY OF A RECTANGULAR

WING IN A VORTICAL WAKE AT LOW SPEED

By Willard G. Smith and Frank A. Lazzeroni

SUN_RY

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 attack of the wing was

varied from -4° to +6 ° . Both chordwise and spanwise pressure distribu-

tions were obtained with the wing in uniform and vortical flow fields.

Stream surveys were made to determine the flow characteristics in the
vortical wake.

The vortex-induced lift was calculated by several theoretical

methods including strip theory, reverse-flow theory_ and reverse-flow

theory including a finite vortex core. In addition_ the Prandtl lifting-

line theory and the Weiss inger theory were used to calculate the span-

wise distribution of vortex-induced loads. With reverse-flow theory_

predictions of the interference lift were generally good, and with

Weissinger's theory the agreement between the theoretical spanwise

variation of induced load and the experirlental 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

passed 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 plame of the wing.



INTRODUCTION

The problem of determining the aerodynamic characteristics of wings
or tail surfaces in the flow field downstre_l of lifting surfaces has
been the subject of much research. This prd_!em 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 redu_ed wing span relative to
tail span of manypresent-date configurations, the assumption of uniform
downwashat the trailing surface is inadequate. Methods for estimating
the development_ rate of roll-up, and locatiDn of a vortical wake are
given in references i, 2, and 3- _st published experimental data
concerning the effects of vortices on wings were obtained in the presence
of bodies which introduce additional unknownsinto the problem (see
refs. 4 to 6).

The purpose of the present investigation was to study the effects
-of a Vortex on a trailing wing rudder controlled conditions. Tests were

madewith a half-span rectangular wing in t_e wake of a vortex generator.
Theoretical calculation of the wing loads w_s simplified by the use of
a half-span model mounted on a reflection pJane which eliminated the
need for a body with its attendant crossflo_. The wing was instrumented
to measure local surface pressures in order to determine the chordwise
and spanwise distribution of interference l_ad. Extensive stream surveys
were also madeto determine the strength of the circulation and to locate
the center of the vortical disturbance.
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NOTATION

a c

b

C

C a

cz

CL

radius of vortex core, ft

wing span, ft

local chord, ft

average chord of wing_ ft

section lift coefficient

L

lift coefficient, q-_

(All lift coefficients are based o_ the area of the wing.)

CI_ lift-curve slope, per deg
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CL i

c_

L

zxp
q

q

s

S

V

w

x,y,z

ct

c

F

_,_

interference factor, ratio of interference lift on wing to lift

produced by the vortex generator

lift force_ ib

Plower - Pumper
lifting pressure coefficient induced by vortex,

q

free-stream dynamic pressure, ib/sq ft

y coordinate of wing tip, ft

wing area_ sq ft

free-stream velocity_ ft/sec

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

Cartesian coordinates, streamwise_ spanwise, and vertical,

respectively (fig. i)

angle of attack_ deg

w

local downwash angle _, deg

circulation, sq ft/sec

variables of integration corresponding to x,y

Subscripts

i induced effect

f forward flow

r reversed flow

v vortex

G vortex generator

W 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.



_le limitations and assumptions used in the theoretical analyses
sureas follows :

i. Linearized theory was used assuming inviscid potential flow.

2. _e load on a plain wing in nonunif_rm flow was assumedto be
identical with the load on an appropriately _wisted wing in uniform
flow.

3- Infinite line vortex theory was used in order to express the
nonuniform 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.

WakeRepresentatio i

A
2
8

2

To represent the ws_ke_ the forward lift Lng surface or vortex

generator was replaced by a horseshoe vortex with the bound portion

along the quarter-chord line with span 2yv as defined by the Kutta-
Joukowski theorem

: 0v_2yv (!)

where the vortex span is obtained from the ±heoretica! span load

Jistr_oution (ref. 2).

A potential vortex with the tangential velocity inversely pro-

portional to the distance from its center i_ of course_ unrealistic

at the center. For some of the theoretical calculations; a rotational-

core approximation as derived in reference _ was used to eliminate this

singularity in downwash distribution at the center. F_rther; the actual

vortical wake msy not be fully rolled up inJo a discrete vortex. The

wake ca_ then be more accurately represente(i by several horseshoe

vortices_ distributed according to the spam_ise circulation distribution

of the wing, as described in reference 2. ibwever, in many practical

casts a single horseshoe vortex adequately represents the wake.

Vortex-Induced Loa_Ls

_e problem of determining the influen_e of a vortex on a wing is

one of finding the lift on a wing in a nonmliform 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 lift coefficient is
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_scz_ cc dy (_)
CLi - S ' s

where cz_ is the two-dimensional section lift coefficient 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 lift on a wing

in a nonuniform flow field. If the downwash is considered to be constant

in the chordwise direction and to vary in the spanwise direction_ the

induced lift coefficient given by this theory is:

CL_Ca __sS _ccz_
CLi - S , _ \Ca-_/r dy (3)

where

CL_ three-dimensional lift-curve slope

cct

CaCL span loading parameter in uniform flow

cf spanwise downwash distribution in forward flow

The reverse-flow theory is superior to the strip theory since it accounts

for the variation in span load distribution due to wing plan form.

However_ neither 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. _ and 9)

using lifting-surface theory. In the notation of this paper_ the equa-

tion is as follows. (It is assumed that the wing lies in the z = 0

plane. )



_x i S_oC,Y = _

This equation has not been solved analytical_y to date; however_ there

are several simplifications which can be made that permit approxLmate

solutions to the problem. One of these is Prandtl's lifting-line theory

which is intended for large aspect-ratio win6_; however_ experience

has shown that it is valid for aspect ratios _s low as 3. The basic

assumption in the lifting-line theory is that at each element of a

finite wing the velocity distribution is ider_tical to that for two-

dimensional flow around the element with V' instead of V as the

velocity at infinity_ where

V' = _V 2 + w 2
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The assumption of two-dimensional flow makes possible the evaluation of

the chordwise loading and a!so_ for large aspect-ratio wings, (y-_) will

generally be much larger than (x-_) so (y-_) may be substituted for

Jix_ _)2 + (y__)2 in the lifting-surface equstion. The spanwise varia-

tion of downwash may them be expressed as

i fS r_S_e (0)

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

of the circulation.

A method for obtaining a numerical soluJ ion of the lifting-line

equation for a wing in nonuniform flow (pres<_nted in detail in ref. 10_

p. 250) is summarized below. The spanwise w_riation of circulation is

expressed as a trigonometric series of n t(_rms, introducing the

variables q0 and @ by the substitutions

y -- -s cos q_ , _ = -s {',ose

where s is the semispan of the wing. Then

F = 4sV (A1sin _ + A2sin 2_ + AssLn 3_ + "'" + A_sin n_) (6)

The computations can be simplified by taking an odd number n of

equidistant values of q_ from 0 to _. Equations (_) and (6) can now be
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combined to obtain a system of n linear equations with n unknowns.

The local values of w/V must be s]_cified at the n points. These

may be experimental downwash an_les 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 4_ points

along the semispan. Computing time was about 5 minutes and, the 45

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. ii) the lifting

wing is replaced by a system of horseshoe vortices concentrated at the

quarter chord, with a spanwise distribution such that the downwash at

the 3/4-chord point will be equal and opposite to the corresponding

component 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-{ = c/2, we may approximate the radical 4(x-_)2 + (y__)2 by

_c2/4 + (y__)2. With this simplification and after the terms are

regrouped, equation (4) may be written

s
(7)

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. i0). It is interesting to note that the equation for

Weissinger's method (eq. (7)) is identical to Prandt!'s equation (eq. (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 coefficients 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 7- by lO-Foot Wind Tunnel at a Mach number 0.3 and a Reynolds



n_mberof 2.0 million per foot. This wind t_ulnel is a subsonic, closed-
return, atmospheric tunnel.

The test aploaratus included a rectangu!_'_rwing and vortex generator,
mounted on a reflection plane, and a multipl_-cone stream survey rake
(see figs. i s_d 2). The wing could be pitc]Led about its mid-chord
point, although its location on the reflection plane was fixed. Provi-
sions were madefor mounting the vortex generators either in the stream-
wise _)lane of the wing or 1.5, 3.0, and 4.5 Lnches above the wing. These

vortex generators could be set at several fi>_ed deflection angles (most

of the results are for _G = 5°)" The leading edge of the wing was

15 inches (5 _cnerator-chord lengths) dovn_st _eam of the trailing edge

oL' the vortex generator.

_e wing was of Fiberglas construction _ith static-pressure orifices

in chordwise rows on the upper and lower surfaces at 12 spanwise stations.

A detailed drawing of the wing showing the pressure orifice locations

is presented in figure 3.

_ree interchangeable vortex generators of rectangular plan form

with 3-inch chord s_d varying span were used (see fig. i). Each vortex

generator was instrumented to measure lift b f taking bending moments

at two stations near the root. A flat sectiDn was used with symmetrical

wedges (20 ° total included angle) for the le_ding and trailing edges.

Because of strength considerations, the vortex generators were tapered

in thick_ess from 3 percent of the chord at the tip to 7, i0, and 12

percent at the root for the .i_,12, and 15-inch-span generators,

re spe ct ire !y.

The stream survey rake consisted of fi_e 40 ° cones instrumented

to measure static pressures at four radial loints, 90 ° apart, on the

cone and also total pressure at the apex. _etails 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 veltica! direction (perpendicular

to the reflection plane) with the plane of lhe rake perpendicular to the

plane of the wing (see fig. 2). Surveys wele made at various streamwise

locations by adjusting the length of the st_ing.
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TESTS AND PROCEDUP_S

The entire test was conducted at a constant dynamic pressure of 12_

pounds per square foot. All pressures were measured with manometers

using water as the fluid. The manometers w(re photographed and the tube

heights read to within ±0.0_ inch with the eid of optical film readers.

The reflection plane was mounted far e_ough from the tunnel ceiling

to exclude effects of the tunnel boundary layer. Stream surveys made

in the vicinity of the reflection plane sho_ed a maximum variation
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of i percent of the dynamic pressure and a stream angle of 0.2 ° in the

dowmwash direction and no stream angle in the sidewash direction.

Corrections for tunnel-wall interference ef£ects on the downwash mngles

were rotund 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 maxim_ incidence angle allowable without appreciable

flow separation.

Static pressures were 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 _ud in a uniform stream were then integrated over the wing chord to

get the induced section-lift coefficients. A spanwise integration of

these section-lift coefficients then gave the lift coefficient CLi ,

induced by the vortical wake. From these results the interference

factor, a ratio of induced lift on the wing to the lift produced by the

vortex generator, was obtained.

A multiple-probe survey rake was used to measure 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

dyn_nic pressure was obtained from a difference of local static pressure

and local total pressure.

Stream surveys were made to locate the vortex and to measure the

strength of the circulation in the air 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 dowmwash angle while the width

of the core was taken as the distance between the maximum and minimu_

downwash angles measured in a plane parallel to the wing at the predicted

height of the vortex core. Circulation 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 0.25 ° of the downwash or

sidewash angles.
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RESULTSANDDISCUSSICN

Determination of the characteristics of wings or tail surfaces in
a nonuniform flow field downstreamof a lifting surface consists basically
of two parts: first, determination of the s_ream conditions in the flow
field, and second, evaluation of the effect cf this nonuniform stream
on the trailing surface. In the discussion to follow, both of these
features of the problem will be treated by c(mparing theoretical and
experimental results.

The Vortical Wake

A comparison of theoretical and experim_ntal downwashangles in the
crossflow plane of the wing leading edge is )resented in figure 5 for
vortex generators with three different spans These surveys were made
along a line parallel to the vortex generator 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 lift impulse, there is
considerable disagreement between the theore;ical and experimental
downwashangles. It appears that the magnit ide and spanwise variation
of the theoretical downwashangles (fig. 5) _re reasonable but the
spanwise location of the theoretical vortex lore is displaced from the
experimental location. Spanwisevortex 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 seamthat the location of the
vortex is strongly influenced by the small high lift region previously
measuredat the tip of rectangular wings (sea ref. i0, p. 274). Varia-
tion of the span load distribution with aspect ratio mayhave affected
the rate at which the vortical wake rolled up, but it did not measurably
alter the vortex location.

It should be noted that this discussio_ 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. Somepublished experimental data read to substantiate this
plan-form effect. Wind-tunnel data (see rel. 13) obtained at a Mach
numberof 1.6 with a rectangular wing and e_perimental apparatus s£milar
to that used in the present investigation iccate the trailing vortex
nearly in line with the wing tip. In contrE_st, water-tank tests with
elliptical and triangular wings (see ref. !] showthe experimental
vortex core approaching the theoretical loc_tion several chord lengths
downstreamof the wing.

In an attempt to find out more about the origin of the vortex, a
stream survey wasmadein 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 madein the transverse plane
at 20, 50, 80, !00, 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 shownwith a half section of the wing drawn in
for reference. The vortex location was taken as the apparent center of
rotation of the downwashand 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 shownby
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 shownto illustrate the manner in which the vortical
wake develops. About 70 percent of the total circulation of the wing was
encompassedin 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 showsthe vortex_ at somedistance downstreamof the lifting
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 i. 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 shownin figure $ 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 5° are shownfor
comparison. The classical strip theory is obviously in error near the
ratio of bG/bW = i. Strip theory fails to take accotmt of the loss of
lift effectiveness of those elements of the wing near the tip. The
infinite velocities near the center of the vortex and the finite lift
at the wing tip prescribed by strip theory result in excessively large
interference factors whenthe 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 improvementwhenthe vortex core
passes near the wing tip and the calculated interference factors come
into good agreementwith experiment.
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_e effect of the discrepancy between tLe 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 computedfor _G = 5o using the reverse-flow theory, assuming a
finite vortex-core diameter, for three spanwise locations of the
vortex: (i) streamwise from the generator tip, (2) the location indicated
theoretically, anJ_(3) the location measuredexperimentally.

It is apparent in figure 9 that correlation between theory and
experiment is very _ood for the vortex either trailing from the tip or
at its exper_nental location. Use of lifting-line theory to predict
the vortex location results in sizable errors whenthe span of the
forward surface is such that its vortex passes near or outboard of the
tip of the following surface.

Effect of vortex height above wing.- Va__iation of the interference

factor with the height of the vortex generat)r above the wing-chord

plane calculated by the reverse-flow theory, including a finite core,

agrees quite well with experimental values a_ shown in figure i0.

However, the experimental interference factors obtained for various

vertical distances (ZG), showed one interesting effect which was not

acco_uted for by the theory. The experimental interference factors

obtained with a positive value of o9] reach a maximum value at

ZG/C W -- 0.25 while the theoretical maximum, _ssuming the trailing vortex

to be sy_metrical in the vertical plane, occurs at the wing-chord plane.

It is well known that the wake of a lifting surface starts out as a

vortex sheet which proceeds to roll up into a spiral while prog_ressing

do_a_stre_,u. The spiral develops quite rapi61y_ but only asymptotically

approaches the fully rolled-up vortex assumc_ in the line-vortex theory.

In these tests, the vortex generator at a pcsitive incidence produced a

coumtercloekwise spiral (looking downstream_ with the tail of the spiral

moving downward. It would seem, from the r_sults presented in figure i0

that the small part of the vortex sheet which is not yet rolled up

contributes a measurable part of the interf<rence load.

A s_nple calculation was made to substantiate this reasoning. Three
horseshoe vortices were used to simulate the distributed vortical wake.

The vortices were distributed according to 1he theoretical spanwise

loading, and the numerical stepwise integra_ ion procedure of reference 2

was used to locate the vortices in the tran_ verse plane at the wing

leading edge. Interference factors obtaine{ by this theoretical method

are presented in figure 10(a) for the vorte_ generator located plus and

mJ_nus I._ inches from the wing-chord plane. These results are in better

agreement with experiment than those of the single-vortex theory. Thus,

it can be surmised that the wake could be more accurately described by a

greater nttmber of vortices properly distrib_ted. _lis method is not

recommended except in unusually detailed studies since the number of

computations necessary to determine the vor_ex location varies as the

square of the number of horseshoe vortices _onsidered.
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Effect of wins 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 of 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 is

usually a small angle ss_d the computation of induced loads is fairly

insensitive to small changes in zG.

The experimental interference factors obtained with a vortex

generator of half the wing span are presentec] in figure ii for an eW

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 _W and eG

are of the same sign than when they are of opposite sign. For a wins

angle of attack of 4° this difference amounts to about one-fourth of

the interference factor at zero angle of attack. The Prandtl lifting-

line theory agrees with the experimental trend sho_n in figure ii while

the reverse-flow theory fails to show this trend.

Distribution of vortex-induced loads.- Theoretical prediction of the
distribution o5 vortex-induced loads is somewhat more difficult than the

calculation of the total vortex interference. The spanwise induced load

distributions obtained by the lifting-line theory and the Weissinger

method are compared to the experimental induced loads in figure 12.

_leasured downwash angles were used in the computations to eliminate the
uncertainties in the theoretical vortex. The method of reference i0

for calculating spamwise lift distribution determines the circulation

distribution which satisfies the downwash angles prescribed for a n_mber

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-d_nensional theory

was used, the agreement with experiment (fig. 12) is fairly good. The

Weiss inger 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 downwash field was most nonuniform.
o

Surprisingly good agreement between the theory, using _issinger's

method, and experiment is shown in figure 13 for those cases where 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 that a line vortex, with a finite core_ trailin_ from the

tip is a reasonable representation of the actual do_nwash field.

Although existing methods predict the spanwise distribution of

loads within the limitations of two_dimensional theory_ no suitable



theoretical method was found for predicting t_e chordwise variation of
induced loads at subsonic speeds. However, tle pressure distributions
presented in figure 14 illustrate the experimental chordwise variations
obtained in this investigation. Dashedporti:)ns of the curves represent
extrapolations of the data in regions where tlne lifting pressures varied
rapidly between chordwise rows of pressure orifices. The chordwise
distribution of lifting pressures over the re _ion inboard of the vortex
core looks very much like that obtained in tw)-dimensional flow. However_
in the region where the vortex core passes over 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 load was never more than
3 percent of the chord awayfrom the quarter-chord point of the wing for
any of the test conditions.

At the leading edge (see fig. 14), the w_rtex location is evident
by the reversal of the induced loads. However, downstreamof the leading
edge the pressure contours cannot be used to ;race the vortex path
because of the mutual effects of the induced oressures acting over the
entire wing. Stream-survey data obtained one chord length behind the
wing showedthat the spanwise location of the vortex did not change
appreciably in passing the wing, even with the wing at an angle of
attack of 6° •
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CONCLUDING REMARKS

The aerodynamic loads induced on a rect_igular wing by a vortical

wake have been obtaLned for a number of vorte:< positions, both spanwise

and normal to the wing, and for the wing at s_veral 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 vortical, wake.

Stream-survey results showed that the w_:e of lifting surfaces of

rectangular plan form starts to roll up quick_@ forming a vortex which

trails back in a nearly streamwise direction from the wing tip rather

than from the centroid of circulation predict_d by the lifting-line

theory. This result is believed to be restri_:ted to essentially untapered

plan forms.

Results of the investigation indicated t]_at the vortex interference

lift could be predicted over the range of tes; variables by the reverse-

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

The accuracy of the theoretical predictions w_ss relatively insensitive

to the choice of spanwise vortex position, except when the vortex core

passed immediately outboard of the wing tip.
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The experimental induced loads on the wing at zero angle of attack
when the 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. Whenthe 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 _¢asgreater _hen the _orticity was in the same
sense as that shed by the wing itself.

The spanwise distribution of vortex-induced loads was predicted by
lifting-line theory with reasonable accuracy using either the measured
downwashangles 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.

AmesResearch Center
National Aeronautics and SpaceAdministration

Moffett Field, Calif., July 19, 1960
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