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TECHNICAL NOTE 2483

EFFECT OF FUSELAGE AND TATL SURFACES ON LOW-SPEED YAWING
CHARACTERISTICS OF A SWEPT-WING MODEL AS DETERMINED
IN CURVED-FLOW TEST SECTION OF IANGLEY
STABILITY TUNNEL: =

By John D. Bird, Byron M. Jagquet, and John W. Cowan
SUMMARY

A wind-tunnel investigation was made in the Langley stebility tunnel
for determining the influence of the fuselage and tall surfaces on the
rotary derlivatives in yawing flight of a transonic sirplane configuration
which had the wing and tall surfaces swept back 45°. The results of the
determination of the rate of change of the yawing-moment coefficient wilth
yawing velocity by two oscillation techniques agreed well with the deter-
minations by the curved-flow procedure. The vertical tall was the meln
contributor to this derivative. The value for the complete model was
eggentlally constant up to the angle of attack corresponding to maximm
1ift coefflcient and could be accurately calculated when proper sccount
was taken of the end-plate effect of the horlzontal tall on the vertical
tail. The rate of change of rolling.moment coefflclent with yawing
velocity wes mainly a contribution of the wing. This derivative increases
approximately linesrly with angle of attack to the angle of attack where
the curves of 1ift and pltching-moment coefficient plotted against angle
of attack develop nonlinearities.

INTRODUCTION

Results are presented of one of & serles of tests made to investl-
gate the factors affecting the rotary derivatives of various swept-wing
confligurations. This investigation was begun because conventional
gtreight-flow tests of swept wings had given results that were very dif-
ferent, particularly at moderate and high lift coefficients, from those
generally obtained from tests of unswept wings and that were of a nature '
not readlly adaptable to thorough mathematlcal analysis.

lsupersedes the recently declassified RM I8G13, "Effect of Fuse-
lage and Tall Surfaces on Low-Speed Yawing Charsacteristics of a Swept- : o
Wing Model as Determined in Curved-Flow Test Section of Langley
Stebility Tunnel" by John D. Bird, Byron M, Jaquet, and John W, Cowan,
1948,
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The investigation discussed hereln was conducted for determination
of the influence of—the tail surfaces and the fuselage on the low-speed
yawing derivatives of a transonic asirplane configurstion having the wing
and tail surfaces swept back 450,

These tests were conducted in the 6- by 6-foot curved-flow test—:
section of the Langley stability tunnel which was designed for simula-
tion of steady yswing or pltching flight of the rigidly mounted model,
The principle of operstion of this test section was conceived by
Mr. M. J. Bamber while he was a member of the staff of the Langley
Laborstory.

SYMBOLS

The results of the tests are presented as sgtandard coefflclents
of forces and moments which are referred to stabillty axes for which the
origin is assumed to be at the projection on the plane of symmetry of
the quarter-chord point of the mean geometric chord of the wing of the
model.

The stebility-axis system is shown In figure l. The coefficients
and symbols used hereln are deflined as follows:

OL 1ift coefficlent Lif)

-X o
drag coefficlient (—-— at ¢ = O>
CD as

Gy  lateral-force coefficient <l>
as,

Cp pltching-moment coefficlent (JL
N

Ch yawing-moment coefficlent <ES—1§>

CZ rolling-moment coefficlent (E;—b)

X longitudinal force

Y lateral force
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M pitching moment ebout Y-axis
N yewing moment about Z-axis
L rolling moment ebout X-axis

R Reynolds number

1

a dynamic pressure -épv

p mess denslity of ailr

v fres-stream veloclty

S wing area

c mean aerodynamic chord of wing

b span of wing

g angle of alr stream with respect to uncurved tunnel center line,

positive when alr is spproaching from right facing upstream

o angle of attack measured in plane of symmestry, degrees
B angle of sideslip, degrees

¥ angle of yaw, degrees
-?2% yawing-veloclity parsmeter

r anguler veloclty in yaw, radians/sec

[5 rate of changs of angle of sideslip with tlme (-2—*2)

30y
r, = 575 :
2v
o ¢,
It SE
2V
o 9o
fr oz

2v
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APPARATUS AND MOIEL

The tests reported herein were run in the 6~ by 6-foot test section
of the Lengley stability tunnel. This test section was designed for
testing models in an alr flow which slmulates steady yawing or pliching
flight. Simlation of a steady curved-flight condition in a wind tunnel
where the model ls fixed to the belance system necessitates reproduction
of the relative motion existing beotween the alrplane and air stream in
curved flight. Thils result may be accomplished by obtelning an alr flow
which 18 curved in a circular path in the vicinity of the modsl and which
hag a veloclty variation normsl to the streamlines in direct proportion
to the locel redius of curvature of the flow. 8Such a flow ie possible
in the 6- by 6-foot test section of the Langley stebility tumnel which is
equipped with flexible side walls for curving the alr stream and specially
constructed drag screens for producing the desired veloclty gradlent in
the Jet. These screens are locabed at the upstream end of the test section.
Fach screen 1s composed of & wooden freme and vertical wires having a
varying spacing across the Jet. Screens are added for each increment of
Increase in flow curvature. Figure 2 is a photograph of a model mounted
in the sectlon for yawing tests. Figure 3 1s a schematic dlagram of the
test section showing its component parts and the survey stations used for
calibration purposes. The model may be mounted from the side wall for
pitching tests as well as in the position shown.

A curved flow in the tunnel for simletlion of a curved-flight condi-
tlon of a glven curvature has specific variations in the free stream of
the dynamlc, statlc, and total pressures normel to the streamlines. The
variation of these pressures in the free stream along a streamline shesad
of end behind the test reglon is zero. The veloclty variation normsl to
the streamlines and thus the dynamic pressure is determined by the partic-
wlar flight path belng simlated. The static- and total-pressure variations
may be obtalned by equating the pressure forces in the air to the centri-
fugal forces. These factors, specifically the dynamlc and totel pressure
together with the angularity of the air stream, were used during calilbration
of the test sectlon to indlicate how well the test sectlon reproduced
ideal conditions.
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Representetive surveys made at the center and rear survey astatlons
for various flow curvatures are given in figure 4., This figure which
presents the variation of dynamlc pressure and alr-gtream angulerity with
distance across the tunnel indicates reasonably good agreement between
the ideal and actual result for the model test region in the cemnter of
the tunnel. Large angles of yaw would place the tall surfaces of the
model in a reglon where the flow representation is not so accurate as in
the center reglon.

Curved flow 1s not an exact simmlation of curved flight because of
the statlc—pressure gradient which exists normal to the streamlines in
curved flow. This gradlent produces a buoyancy which does not exist in
curved flight and, in addition, a tendency for the low-energy boundary-
layer air of the model to flow toward the center of rotetion. The normal
curved~-flight tendency is for the boundary layer to move outwerd. A
correction has been devised to account for the effect of the buoyancy
force. The boundary-leyer effect is as yobt considered to be second order.

In addition to the static-pressure gradient, there exists behind the
drag screens a rather high degree of turbulence which ls graded according
to the spacing of the wires. The influence of the gradient in the tur-
bulence on the asrodynsmic characteristlics of the model 1is belleved to be
small because the mixing of the turbulent wakes is believed to be suffi-
clent to cause a relatively uniform turbulence downstream at the test
section., The high turbulence, however, may well produce measureble
effects on airfoils normally having extensive regions of laminsr flow,
These effects should be confined mainly to drag and meximum-1ift
characteristics and should not greatly affect the accuracy of deter-
mination of rotary derivetives if all tests used for such determinations
are made under approximately the same turbulence condltions.

The model uged for the tests was & transonic configurstion having
the wing (aspect ratio 2.61) and taill surfaces swept back 45°. These
surfaces had NACA 0012 airfoil sections normasl to the leading edge and a
taper ratio of l. The fuselege was a body of revolution which hsd a
circular-arc profile and a fineness ratio of 8.34. Construction was of
laminated mahogeny with a waxed lacquer finish. A view of the model
mounted in the tunnel is shown in flgure 2, and pertinent geometric cher-
acteristlcs of the model are given in figure 5.

TESTS

The test configurations end the symbols used in identifying the data
in the figures are glven in the following table:
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Wing ® o 5 8 o o 5 o e s 8 s 8 s 8 s s 8 e s s s 8 s 8 s e e e e s e e W
Fusela.ge ® ® o 8 o o o e ¢ 8 s 8 8 8 s & 8 6 s s s s 2 e e s e s e e F
Wing md- fusel%e . L] L d . L] L] L ] L] - L] . . L] L L ] L L L] L ] * L L L] L] W + F
Wing’ fusel&ge, eand vortical t8ll o« ¢ ¢« ¢ o ¢ o o ¢ ¢ 0 ¢ e s W+F +V
Wing, fuselage, vertical tall, and horizontal tail « ¢« ¢« ¢« W+ F + V+ XH

Curved-Fflow Tests

The rolling moment, yawing moment, and lateral force were measured
through the angle—of-attack range for all model configuretions at yawing—
flow curvatures corresponding to values of X2 of 0, -0.032, —0.067,

end ~0.088., These data were used for determiging the rotary derivatives
Cnr’ Czr’ and ch for the:angle—of—attack renge by plotting the coef-—

ficiente against the flight—path curvature and determining the slope of
the stralght line most logically falred through the four test points.

Free~Oacillation Teats

Values of Cnr were determined from free-osclllatlion tests for

comparison with the curved-flow results. For these tests, the model was
mounted In the tumnnel wilth no constralnt in yaw other then the asrocdynamlc
forces and a spring of sufficlent strength to make the varlation of yawing
moment N with angle of yaw ¥ of the model-gpring combination stable
with the tunnel opereting. The damping in yaw Cnr wag determlned from

the rate of decay of a free oscillation of the model in yaw. Detalls of
this procedure are described in reference l.

Forced-Oscillation Tests

Tests were run on the complets model by a forced-oscillation pro-
cedure In which continuous records were made of the angle of sldesllp,
Yawing acceleratlion, and applled yawlng moment necessary to maintaln a
steady oscillation of the model in yaw about a fixed axls when under the
influence of the alr stream. These records were analyzed by determining
the forces acting on the model at the time that the acceleratlon was
zero and solving for the damping derivative Cnr' The data obtalned by

thls procedure are not expected to be so accurate ag those obtained by
the free-oscillation technique because of the difficulty of obtaining
records free of random disturbances. ®ach test point presented herein
wes obtained by averaging the results of a number of tests, and the data
are belleved to be accurate only to approximately 10 percent of its
minimum value. However, this technique enabled determination of results
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in the high angle-of-attack range where difficulty was experienced in
obtaining relisble results by the free-oscillation technique. All tests
were run at a dynamic pressure of 25 pounds per square foot, which 6

corresponds to & Mach number of 0.13 and a Reynolds number of 1.07 X 10-.

'CORRECTIONS

The following corrections for Jet-boundary effects were applied to
the data:

o = ap + 0.83 CIT

Op = COpy + 0.01k 0, 2
Cp = CmT - 0.00023 ag (complete model only)
Czr = 0.980 Cer

Cnr = CDTT - 0.018 C-LrT CIT (vertical-tail configurations only)

wvhere the subscript T refers to uncorrected tunnel meassurements.

The followlng correction, teken from an enelysis made in the Langley
stabillty tunnel, was applied to account for the effect of the lateral
horizontal buoyasncy on the lateral-force yawing rotary derivative:

bv 2 2j)
CYr=CYrT‘§gl*2k1°°5“+?k3sin“
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where
v volume of body
kq aedditlonal-mass coefficient of body for translation along X-axis

k3 additional-mass coefficient of hody for trensglation along Z-axis

No corrections were made for tunnel blocking or support-strut tares
except for the case of the derivative Czra ‘In this case, the tare at-

zoero angle of attack wes applled tc the data throughout the engle-of-
attack range. Thls correctlon 1s believed to be sufficlently ascourats
becauge, although there are large tare corrections to the dresg coefflcilent,
the corrections to the derivatives of the forces and moments wlth respect
to anguler displacement or velocity are in most cases negligible.

RESULTS AND DISCUSSION

The 1ift, drag, and pitching-moment characteristics of the various
model test configurations throughout the angle-of-attack range are
presented in figure 6. These datawere obtained from teste made in the
6-foot cilrcular test section of the Langley stebility tunnel at a
Reynolds number of 1.40 x 10° and are included for the sake of logical
completeness. Check tests at the Reynolds numbsr of the present tests
indicate that the difference in Reynolds numbsr between the two tests has
little effect on the asrodynemlic coefficients of the model. The values
of the derivative Cnr obtained by the curved-flow and free-oscillation

technique for the various model configurations are presented in figure 7.
Data are also presented for the complete model as determined by the
forced-oscillation technique previously described end for the complete _
model with and without horizontal teil as calculated for the effect of the
vertlcel taill by the use of the end-plate data given In reference 2. Te
results indicate reascnsbly good agreemsnt betwesen the curved-flow, froee-
oscillation, and calculated verticel-tall results up to angles of attack
of approximately 14° beyond which the variation of yewing-moment coeffi-
clent with angle of sideslip of_ the model bocomes nonlinear. The agree-
ment between the calculated and experimental result indicates that the
derivative Cnr of en alrplame may be estimated very accurately for the

angle-of -attack range where nonlinearities in the 1ift and pitchlng-
moment characteristics do not exilstmerely by consldering the effect of
the vertlcal teil and the appropriate end-plate effect of the horlzontal
tall.
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The nonlinear varlation of yawlng-moment coefflcient with angle of
sldesllip mentioned makes the mathematical solution used in analyzing the
results of the free-oscillation technique not strictly epplicebls,
although the results may still be used as an indication of trends.

Results for the complete model by the forced-oscillation technique described
Previously show higher damping at angles of attack beyond 14° then do those
of the curved-flow procedure. A few exploratory free-oscillation tests

made 1n the Langley stability tunnel have indicated a similar result for

the wing alone with positive damping at an angle of attack of approxi-
mately 16°.

It must be reallzed that an exact check between oscillation tests and
curved-flow results should not bs expected, because the factor determined
by the oscillation test 1s the sum of the effect of the derivetives qu

and Cps, the latter of which arises from addlitlional-mess conslderations.

A constant value of r at zero sldeslip implies & clrcular flight path
to which the airplane is always tangent. A constant value of 5, however,
implies a constantly lncreesing sideslip. The oscillation test described
hereln represents & condltion where ﬁ 1s alweys the negatlive of r.

Reference 3 consilders « +t0 be small compared with C, . Calcu-

n.
lations indicate that the effect of Cns of the vertical tall of the

model (presumsbly the mein contributor at low engles of attack) is of
the same sign and epproximstely 10 percent of the value of Cnr of the

complete model. A large lncrease 1n the value of C_.. of the wing at

high engles of attack could easily account for the discrepancy betwsen
the curved-flow and oscillation tests. These dlfferences mey, however,
be assoclated with serodynamic lag effects end the cyclic nature of the
motion.

A comparison of the values of Cnr’ Czr, and CYr of the various

model configurations throughout the angle-of-attack range as determinsd
by the curved-flow procedure may be made from the data presented in
figure 8. The value of Cnr of the camplete model is almost constant

for angles of attack up to maximum 1ift and is primarily a function of
the vertical tall. The effect of the verticel tail on thils derivative
may be accurately calculated as has been shown previously. Addition of
the horizontal tall to the model increases Cnr negatively in proportlion
to the end-plate effect on the vertical tall. Throughout the angle-of-
attack range the wing alone has small values of Cnr which are positlive

in the neighborhood of an angle of attack of 16° and for angles of attack
above 22°. The values of Cnr for the fuselage alone are zero up to an

angle of attack of 12° but become positive for higher asngles of attack.
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A comparison of the values of Czr for all model configurations

tosted indicates that this derivative 1s meinly a function of the char-
acteristics of the wing, as might logically be expected (fig. 8). The
derivative Clr increases approximately linearly up to the angle of

attack at which nonlinearities appear in the curves of 1lift and pitching-
momsnt-coefficlents. Beyond this point CZr tends to remaln constant

untll a return to zero occurs at the angle of attack corresponding to
meximum lift coefficlent. Higher Reynolds numbers then that used for tle
present tests may tend to change the extent of the linear range of this
curve. Tests made in the Langley 19-foot pressure tunnel at Reynolds

numbers up to 8.0 x 106 have indicated such an effect for the
derivative CZB. At higher angles of attack Czr 1s, in general,

negative. The vertical tall, although 1lts effect 1s small, is second
in Importence to the wing as a contributor to Clr' This increment msy

be noted in figure 8 and is positive for the low angles of attack where
the center of pressure of the vertical tail is above the X-axis and
negative for the hlgh angles of-attack where the converse 1s true.

The velues of the derivative CY& are smaell end ususlly negative

throughout the angle-of-attack range for the wing elone and for the model
without the tall surfaces (fig. 8). The vertical tall contributes a
positive Increment to the value of CYr which, even though its megnitude

is small with regard to its effect on the dynamic equations, is the
largest contributed by any component of the modsl. A sllight negative
Increase of the derivative with angle of attack may be noted for all
model configurations. The fuselage contributes a small negatlve amount
to the value of CYr except at very hligh angles of attack.

The results of the tests and calibrations in the curved-flow test~
section of the Langley stabllity tunnel Indicate that this facllity-
satlafactorily measures the rotary derivatives caused by yawing veloclty.
The technique mey be equally well applied to debtermining the rotary
derivatives caused by pltching veloclty. These facts should meke the
curved-flow technique extremely valueble as a research tool.

CONCLUSIONS

An investigation of the effect of fuselsge and teil surfaces on low-
speed yawing characteristics of a swept-wing model as determined in the
curved-flow test section of the Langley stebility tunnel indicated the
following conclusions: :
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l. Good agreement was obtalned for mesasurement of the rate of change
of yawing-moment coefficient with yawing veloclty by the curved-flow and
oscillation techniques employed in this investigation for angles of attack
up to 14°, The abllity of the curved-flow technlique to measure all perti-
nent derivatives with respect to the flight-path curvaturs caused by
yewing or pitching velocitles should make this facillty extremely valu-
able as a research tool.

2. The verticael tall was by far the maln contributor to the value
of the rate of change of yawing-moment coefficient with yawlng velocity
of the model. In generel, sufficiently accurate estimates of this deri-
vatlive could be made by accounting for the effect of the vertical tall
including any end-plate effect contributed by the horizontal taill. The
value of this derivative for the complete model was essentlally constent
for angles of atteck up to maximum 1ift.

3. The rate of change of rolling-moment coefficlent with yawing
veloclty was mainly a contribution of the wing and increased linearly
with angle of attack to the polnt where nonllinearities 1n the curves
of pitching moment end 1ift coefficlent plotted against angle of attack
became noticeable. Beyond this point the derivative had a tendency to
remain constant until a return to zero occurred at the angle of attack
corregponding to maxlimum 1ift coefficlent.

4. The values of the rate of change of lateral-force coefficlent with
yewing veloclty are small for all model test comfigurations for angles of
attack up to maximum 1ift coefficient. The vertical teil is the largest
contributor to this derivative.

Langley Aeronautical Laborastory
National Advisory Committese for Aeronautics
Langley Field, Va., April 13, 1948
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Model mounted in curved-flow test section of the Langley stability tunnel,
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