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PRELIMINARY INVESTIGATIOR AT LOW SPEEDS OF
SWEPT WINGS IN YAWING FLOW

By Alex Goodman and Devid Felgenbaum
SUMMARY

A wind-funnel investigation was conducted to determine the rotary
stebllity characteristice in yawing flow of & series of untapered wings
having angles of sweep of ~%5°, 0°, 450, and 60°. The curved—Flow
equipment of the Langley stabllity tunnel was used for the greater part
of the tests. For comparison purposes, & free—osclllation method was
used to obtain the damping in yaw for the same wings. At low 1ift and
moderate 1lift coeffliclents, results obtained by these two msthods were
in fair agreement. At high lift coefficients, however, consistent
values of the damping in yaw could not be obtalned for the swept wings
by the oscillation method used.

The results of the yawing~flow tests indicated that the values of
the rotery derivatives agreed fairly well with simple sweep theory far
& moderate range of 1lift coefficlents. For this range of 1lift coef-
ficlents, the values of the damping in yaw became more negative and
those of the rolling moment due to yawlng more posltive with lncreasing
1lift coefficlent, while those of the lateral farce due to yawlng were
small in magnitude. Near mexiwum 1ift coefficient the values of the
damping in yaw and the lateral force due to yawing became more positive
for the sweptback wings and more negeative for the sweptforward wing.
The reolling moment due to yawing, however, showed opposite tendencies;
namsly, the valuves for the sweptforward wing became highly positive
while those for the sweptback wings changed sign and became negative
near meximum lift coefficient.

INTRODUCTION

A systematic Investigation is belng conducted at the Langley
stability tumnel to determine the rotary stabllity characterilistics
of various alrplane wings and complete airplane configurations. For
the most pert, the measurements are being made by means of the rolling—
flow and curved-fliow technigue in which the model is held staticnary
while the air stream is made to roll or curve =bovt the model. Thie
technique makes 1t possible to obtain certain rotary derivatives which
have not been cbizined experimentelly heretofore. Results on the static

SO
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stability end rolling characteristics for a series of swept wings and
far a complete airplane configuration have been presented in references'l
and 2, respectively., The present report gives the resulis of a prelimi-—
nary investlgation of the rotery derivatives in yewing flow for the

same serles of swept wings as reported In reference 1.

Some tests of the same wings were made by means of the free—
osclllation technique of reference 3 for comparison with the curved—
flow results,

SIMBOLS

The date are presented in the form of standard NACA coefficients
of forces and moments which are referred in all cases to the stability
axes, with the origin at the quarter—chard point of the mean geometric
chord of the models tested. The positive directlions of the forces,
moments, and angular dlsplacements are shown in figure 1. The coef-—
ficients and symbols used herein are defined as follows:

¢,  lift coefficient (l‘-)
aS
Cy lateral—force coefficient (—I-)
as
[ 4
C; rolling—moment coefficlent L
qSb
K
wing-moment coefflicient (—=-
% e (qu)
L 1ift
Y lateral force
Lt rolling moment ebout X—exis
N yawing moment about Z—axis

q dynamlc pressure (%pva)

mass density of air
free—stream veloclty

wing aree.

o m =< ©

span of wing, measvred perpendicular %o axis of symnetry
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chord of wing, measured pa.ra}_lel to axls of symmetry
b/2 '

mean geometric chord (% f 2 db)
0

distance of quarter—chord point of any chardwise sectlon from
the leading edge of the root section

digtance from the leadling edge of the root chord to the gquarter

b /2
chord of the mean geometric chord (-g f cx d'b)
[0}
b2
aspect ratio S

engle of atteck, measured In plane of symmstry
angle of sweep, positive for sweepback

lateral flight—path curvature (for constant sideslip; ratio
of semispan to radius of curvature)

yewing snguler velocity, radians per second

lift~curve slope (%—:L)

Ly
lateral force due to yawing

3k
2V,
ing In y= Eﬂ
damping In yaw 5
2v,
Cy
rolling moment due to yawlng
b
2y,

APPARATUS AND TESTS

The 'Eests of the pregent investigation were conducted in the

6— by 6=foot curved-flow test section of the Langley stabllity tunnel
in which curved flight may be simulated approximately by holding the
model fixed while causing the alr to flow ebout it iIn a curved path.
This £llowe measurements of the rotary characteristics to be made with
mich greater acouracy than has been possible by other technigues, such
as the various oscillation and whirling-erm methods., The proper flow
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curvature and veloclty gradient are cbtained by curving the flexible
walls of the tunnel and by inserting, upstream of the model, screens
made up of parallel wires with variable spacing. (See fig. 2.) The
wires are distributed in such & masnrer that energy 1s removed from the
alir stream at an increasing rate as the radius of the stream decreases.

The curved flow does not reproduce exactly the conditlons of an
alrplane flying in & curved path, eince there 18 & lateral static~
pressure gradlent inevitably associsted with the centrifugal force
of a curved stream, The static—pressure gradient causes a lateral
buoyancy and perhaps some lateral flow within the boundary layer on
the model. A falrly rellable correction can be made for this buoyancy
farce, but the effects of the flow in the boundary layer canncot be
evaluated accurately at the present time. In addition to the pressure
gradlent caused by the curvature, the wire screens can be expected to
cause & turbulence gradient across the tunnel, the effects of which
cannot yet be accurately evalueted. Studles of aerodynamic charsacter-
istice In stralght flow have shown thet at least at low lift coefficients,-
the effects of turbulence and flow in the boundery leyer are ucually
relatively smell., It 1s believed that these effects would also be of
little importance in the determination of the rotarcy derivetives
possibly at high 1lift coefficlents,

The models tested consisted of four untapered wlngs of approxi—
mately the same area, all of which had equal chords (10 in.) and
NACA 0012 gectlions in planes normsl to the leading edge. (See fig. 3.)
These wings are the ones used in the tests of reference 1. The wings
had sweep angles of 459, 0°, 45°, and 60°, and the corresponding
aspect ratios were 2.61, 5,16, 2.61, and 1l.3k4,respectively. The models
were rigidly mounted at the querter-chord point of the mean geometric
chord on a single strut. (See fig. 4.) The moments were measured by
a strain-—gage moment unit mounted at the top of the support strut.
The forces were measured by strain gages mounted on the strut below
the moment unit. This errangement necessitated making cut—outs in
the wings in order to accommodete the moment unit, Such cut—outs had
not been required for the tests reported in reference 1. It was
necessary to provide & slight clearance between the moment unlt and
the wing, which resulted in air leskage for all except the unswept
wing for which the cut—out was covered with a sealed falring at the
Yop surface of the wing.

A1l tests were run at a dynamlc pressure of 24.9 pounds per square
foot which corresponds to a Mach number of 0.13. The test Reymolds
nunmbers based on the mean geometric chord of the models are:
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Sweepback
(dﬁg) Reynolds number
45 1,100,000
o 780,000
45 1,100,000
60 1,560,000

The yawing—flow tests were mede et constant sldeslip and at four
different wall curvatures corresponding to the values of rb/2V shown
in the following table:

Sweepback Lateral~flight-path curvature
(deg) 1‘23‘?,-

45 0, —0.0316, —0.0670, —0.0883

0 0, —0.0hk2, —0.0937, —0.123k

45 0, —0.0316, —0.0670, —0.0883

60 0, =0.0229, ~0.0485, —0.0639

For each rb/2V, each model was tested through an angle—of-attack
range from approximately zero 1lift up to and beyond maximm 1lift., A1l
the models were tested at a given tunnel-smll curvature before resetting
the walls, This necessltated the removel and remounting of the models
for each tumnel-wall curvature.

For comparison purposes, the free—oscillation method and procedure
of reference 3 were used to cobtain the damping in yaw Cnr for the same
wings.

CORRECTIONS

The following correctlons for Jet—boundary effects and lateral
static—pressure gradient were applied to the data:
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A = 57.3 5-..—(%)01.

Ay = 4.0 }",—S(re%)

where

5, boundary-correction factor obtained from reference &

c ‘tumnel cross-gechtlon ares

czt uncorrected rolling-moment coefficient

K correctlion factor from reference 5 modified for application to
these tests

v volume of model

The dats have not been corrected for the effects of blocking,
support-strut teres, or for any effects of turbulence or statlc—
pressure gradient on the boundary-layer flow,

RESULTS ARD DISCUSSION
Lift Characteristics .

The 1lift characteristics of the wings under the conditions of the
present tests are presented in figure 5. These characteristics are very .
neerly the same as those presented in reference 1 exceplt at high angles )
of atteck. The differences mey be accounted for by the wing cut—outs,
the difference in support-strut interference, and the difference in
tunnel cross sectlon,.

Yawing Charsacteristics

Baslc data.~ Plots of the laterel-force, yawing-moment, and rolling-
moment coefficlents inst the lateral flight-path curvature rb/2V are
presented in figures 6 to 9. No date are presented for the lift, drag,
and pitching-moment coefficlents since no consistent varlations in these
coefficients with rb/2V could be determined. The data presented in
figures 6 to 9 have in all casee been faired by straight lines which are
consldered to represent the best azverage of the test pointe. In general,
the deta seem to indicate no consistent deviatlions from linearity over
the test range of rb/EV. The test points show & certain amount of random .
scatter from lineerity, but this is belleved to be caused by certaln
errors Inherent in the test procedure which requlred a separate test run
for each angle of attack and each curvature.
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Yayinz derlvatives.—~ An unpublished application of simple swee
theory Indlcates that for constant geometric aspect ratio Bcnr/BCL axd

BCZ /BC-L do not very with sweep angle. The lateral~force derivative Cy >
r r

however, is a function of both sweep angle and the aspect ratio and
may be sxpressed by the following equation:

oA
C =CL2 o8 d ) tan A
Yr oA

" In figure 10 the varistiom of ch wilth 1ift coefficient determined

from the yawing-{low tests 1s compared with the thearstical variation.
The magnitudes of this derivative are so small that they are probably of
very little significance, but the experimental dete show the same general
trends at low 1ift coefllclents as the thearetlicel curves, There ls a
negetive displacement of the experimentsl polmts from the thearetical
values, which is probably caused by an incomplete correction for the
lateral statlc—pressure gradient, In the case of the sweptback wings
there ls a sudden departure from the gemeral trend at about the 1ift
coefficient at which the lift-curve slope suddenly iIncreases. (See

fig. 5) Near mexirum 1lift the wvalues of CYr of the sweptforward wing

became more negative; those of the sweptback wlnge beceme more positive;
while those of the wnswept wing remalned gbout the same,

Theoretical values of Bcnr BCLE were obtalned by extrapolating

the dasta of reference 6 to low aspect ratios and using theoretical values
of Cp . The effects of the prafile drag on Cnr have been included In
(o4

the theoretlcel velues plotted in figure 11. Experimental velues of
c from both yawlng—flow end free-—oscillatlon tests are compared with

these thearetical values 1in figure 11. AL low 1ift coefficlents the
two experimental msthods agree very well in all cases, Some differences
between the values of Cnr obtained by the two methods may be atliributed

to the unsteady—flow conditions which exist on an oscillating wing. The
values of the damwping in yaw Cnr from osclllation tests were determined

by using the procedurs of reference 3. Thls procedure assumes that the

veriation of Cn with ¥ 1s linear over the range of amplitudes used.

At the high angles of attack, tests showed that the variations of C,

with V¥ were nonlinesr, even far small veluwnes of V¥, particularly for
the swept wings. Because of the nonlinearlty of the variation of Cn

with ¢ end because near the stall the flow conditions over an osclllating
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wing are unstable, consistent values of Cnr could not be obtained at

these angles by the osclllation test procedure. Results of the oscil—
lation test therefore are presented only for the angle—of-attack range
for which the procedure is applicable.

In general, for the low lift—coefficient range, the two experi-
mental methods agree very well with theory. As in the case of ¢ neer

maximm 1ift, the value of cnr for the sweptforward wing became

negative; those of the sweptback wings more positive; while those of the
unswept wing remained about the same, Theoretical velues of Bczr BCL

also were obtained by extrapolating the data of reference 6 to low aspect
ratios and using theoretical values of Cp . Figure 12 presents a com—
a

parison of the values of cz obtained by the yawing—flow method with

the theoretical values. The thecretical end experlmentel varlstions of
clr with CL agree rather well at low lift coefficients, although the

experimentel values are agalin more negative than the thearetical values.
At some modersate 1lift coefficients a sudden change in the slope aCz r/BCL

occurs. The 1ift coefflclient at which change of slope occurs decreases
as the angle of sweep increases., At high 1lift coefficients, the values
of Cz for the mptforwara. wing became highly pesitive, while those

for the sweptback wings changed slgn and became negative.
CONCLUSIONS

The results of low-scale tests made In yawing flow to determine the
yawing derivatives at constant sideslip of a series of untapered swept
wings having equel chords in planes normal to the leading edge and
approximately equal areas indicate the following concluslons:

1. At low 1ift and moderate lift coefficients, the values of the
damping in yaw determined by the curved-flow method are in fair sgreement
with those obtained by the free—oscillatlon method. At high 1ift coef-—
ficlents conslstent results could not be obtained for the swept wings by
the osclllation method used.

2., At low 1lift and moderate 1ift coefficlients the values of the
damping in yaw became more negative with Increasing 1lift coefficient and
were in falr sgreement with simple sweep theory. Near maximm 1ift coef-—
ficient this derivetive became positive for the swep'tba.ck wings and
highly negative for the sweptforward wing.

3. Values of the rolling moment due to yawing became more positive
with increasing lift coefficient and were in falr agreement with simple
sweep theory over a range of 1lift coefficients that decreased with
increasing sweep angle. At high 1ift coefficlents, the values of this
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derivative for the sweptforward wing became highly positive, while those
for the sweptback wings changed sign and became negative. €

L4, The lateral force due to yawing was small In magnitude but showed
trends which were generally In agreement with the simple sweep theory.
Near meximm 1ift coefficlent the tendencies shown by this derivative
were similar to those indliceted by the damping in yaw.

Tangley Memorial Aeronsuticel Lehoratory
National Advisory Committee for Aeronautics
Langley Field, Va.
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