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SUMMARY

Rolling-stability derivatives sre presented for three wing config-
urations.,which were tested on the same fuselage, over a Mach number

. range from 0.50 to 0.92 and for angles of attack up to approximately 13°.
These wings were assorted plan-form configurations of current interest
and were not part of a geometrically related series of plan forms. Two ,

. of the wings were of aspect ratio 3 with NACA 6zo04 airfoil sections
parallel to the plane of symmetry and had q~ter-chord sweep angles of
12.53° and 30°. An aspect-ratio-k wing was tested which had 45° sweep-
back and had NACA 65AO06 airfoil sections.

Even though the test wings were not related geometrically, the
damping-in-roll data for the three plan forms showed simik trends with
lift and Mach number in that appreciable losses in damping occurred as
the lift coefficient increased from moderate to high values for the test
Mach number range. Unstable damping in roll was indicated for the aspect-
ratio-3 wings in the higher lift range for several Mach numbers.

The rolling derivatives through the angle-of-attack range could be
estimated with god accuracy by using static-force data to account for
nonpotential-flow effects for lifting conditions.

INTRODUCTION

Recent experimental results at high subsonic speeds have indicated
that some wings become unstable with regard to dsmping in roll at moder-

. ate angles of attack (refs. 1 and 2). The present investigation was
undertaken to provide information on the rolling derivatives of several
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wing configurations of current interest for
O.~0 to 0.92 and for angles of attack up to
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a Mach number range from
approximately 13°.

.
.-

.

Results obtained in the Langley high-speed 7- by 10-foot tunnel are
presented for three wing configurations which were tested on the same
fuselage using the forced steady-roll test technique. Two of the wings
were of aspect ratio 3 with NACA 65Ao04 airfoil sections and had quarter-
chord sweep angles of 12.53° and 30°. The other wing was an aspect-
ratio-h wing with 45° Sw=p and had NACA 65Ao06 airfoil sections.

The results of this
system of axes indicated

C!OEFFK!IZNTSAND SYMBOLS

investigation are referred to the stability
in figure 1, which shows the positive direction

of forces, moments, and velocities. Moments are referred to a center-of-
gravity location on the fuselage center line and at a longitudinal position
corresponding to 25-percent mean aerodynamic chord for each wing. (See
fig. 2.)

A wing aspect’ratio, b2/S

b wing span, ft

CD drag coefficient, Drag/qS

ND drag coefficient due to lift, CD - %L=o

%L=(j drag coefficient at zero lift

CL lift coefficient, Lift/qS

Rolling moment
‘z rolling-moment coefficient,

qSb

Cn yawing-moment coefficient, ‘atin~s~ment

Cy lateral-force coefficient, ‘ater~sforce

ac~

Czp‘ mmT’ ‘er‘adian
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Correction factors for compressibility
effects obtained from reference 10

wing chord, ft

mean aeroi@amic chord, ft

induced drag factor

Mach number

rolling velocity, radians/see

dynamic pressure, ~~ lb/sq ft

wing-tip helix-angle, radians

Reynolds number, based on mean aeromc chord .

wing area, sq ft

free-stream velocity, ft/sec

angle of attack, deg “

WES density of air, slugs/cu ft

sweep angle at

Subscript:

PF potential-flow

quarter-chord line, deg

theory

F
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MODEL AND APPARATUS

A drawing of the three wings tested and details of the fuselage
used with these wings is given as figure 2. The wings which were con-
structed of 24S-T aluminum alloy were positioned on the fuselage center
line in a manner so that the longitudinal position of the 25-percent
mean aerodynamic chord point for each wing corresponded with the strain-
gage balance moment center which was fixed in the fuselage. Two wings
of aspect ratio 3 with NACA 65Ao04 airfoil sections psrallel to the plane
of symmetry were tested. One of these wings had a quarter-chord sweep
angle of 12.73° .(Unswepthalf chord) and a taper ratio of 0.20, and the
other was swept 30° with a taper ratio of 0.50. The 45° swept wing had
an aspect ratio of 4, a taper ratio of 0.30, and had NACA 65AO06 airfoil
sections parallel to the plane of symmetry. All the wings had zero dihe-
dral and were positioned on the fuselage with zero incidence.

The models were tested in steady roll on the forced-roll sting sup-
port shown in figure 3. Details of this test technique are given in
reference 3. Various fixed angles of attack were obtained by use of
offset sting adapters behind the
model to rotate about the moment

TESTS

model which were designed to allow the
reference center at each angle of attack.

.

AND RESULTS
r,

Test conditions.- Tests were made +n’the Langley high-speed 7- by
lo-foot tunnel over a Mach number range from 0.50 to 0.92 and through an
angle-of-attack range flromOo to approximately 13°. The variation ;f
mean test Reynolds number and maximum wing-tip helix angle 2b/2V with
Mach number is shown in figure 4 for the configurations investigated.

Corrections.- Jet-boundary corrections applied to the angle of attack
and drag coefficients were determined from reference 4. Blockage correc-
tions applied to Mach number and dynamic pressure were determined from
reference 5. The angles of attack of the model have also been corrected
for deflection of the model and support system under load.

The support system deflected under load and these deflections com-
bined with any initial displacement of the mass center of gravity of the
model from the roll axis introduced centrifugal forces and moments when
the model was rotated. Corrections for these forces and moments have
been applied to the data.

Corrections for jet-boundaqy effects on rotary derivatives were
found to be small and were not applied to the data. Corrections for wing #

distortion have not been applied to the data. These corrections were
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negligible for the aspect-ratio-3 wings. For the aspect-ratio-4 wing,
the maximum correction to CZP at zero Mft was estimated to be approxi-

mately -0.02 at the highest test Mach number. This correction decreases
rapidly with a decrease in damping and Mach nuniber(ref. 3). Sting-
support tares were not evaluated for the test models; however, sting
tare effects for tail-off tests of other models (refs. 1 and 2) have
been found negligible.

Results.- The basic results of this investigation were obtained as
varia-f forces tid moments with wing-tip helix angle; however,
since these variations were linear in most cases, only the derivatives
are presented herein. Rolling derivatives of the three wing-fuselage
configurations are presented in figures 5 to 7. Damping-in-roll bound.
aries for the test ra~e of lift coefficient and Mach number obtained
from the aforementioned derivatives and the static-force data of ref-
erence 6 is given in figure 8. Compmisons between experimental and
estimated derivatives, along @th some parameters pertinent to the esti-
mations, are presented in figures 9 to 14. Estimated effects of Reynolds
mmiber at low speed are given in figures 15 and 16 for the 450 swept wing.

DISCUSSION

Basic Damping-in-Roll Results

The stability derivatives of this investigation were obtained by
rotation of the model about the longitudinal stability axis and these
results can be used with other derivatives with respect to the stability-
axes system in the complete equations of motion in assessing airplane
dynamic behavior. An airplane in free flight, however, following EL
rolling disturbance, would be expected to roll initially about an sxis
more closely alined with the principal longitudinal axis than with the
stability axis. Results of the present investigation are believed to
be indicative of the wing damping that would be present if the airplane
was assumed to roll about the principal axis, inasmuch as the differences
expected between the damping values about the stability axis and about the
principal axis would be very small within the relatively low angle-of-
attack range covered in the present tests.

Experimental trends of the variation of damping in roll with angle
of attack for the three test wings were consistent in that, as the angle
of attack was increased frcm 0°, the damping initially increased and then
decreasedat the higher angles of attack (figs. 5(a), 6(a), and 7(a)).
Results for the 12.53° swept wing showed unstable regions of dsmping in

k roll at M = 0.50 and M = 0.85 (fig. 5(a)). At a Mach number of 0.70,



6 NACARML~Hll

instability was encountered for this wing above an angle of attack of 12°
and this instability was so severe that data could not be obtained for
this condition.

Test results pertaining to damping in roll obtained for all the
wings of this investigation are summarized in figure 8 which presents
boundaries for which the damping in roll for lifting conditions is half
the value at zero lift and for which the dsmping is zero or unstable.
The dotted boundary shows the highest lift coefficient attained in the
rolling tests through the Mach number range. Lines of constant altitude
for level flight and an arbitrarily assumed wing loading of 100 pounds
per square foot are shown to illustrate possible flight conditions, where
appreciable losses in damping would be expected to occur for the wing plan
forms tested.

The results in figure 8 show.appreciable losses in damping for all
the wings over a fairly large Mach number range. These damping losses
are indicated by the presence of the dashed curves which show combinations
of lift coefficient and Mach number for which the damping in roll has
decreased to one-half the initial damping at zero lift. Reference to
the constant-altitudelines indicates that these losses in damping would
be expected to occur at reasonable operational altitudes in level flight.
Although interpretation of these damping losses in terms of aircraft
dynamic behavior is beyond the scope of the present paper, the desir-
ability of avoiding conditions of neutral or negative damping in roll is
apparent. Results for both the 12.73° and 30° swept wings show regions
of unstable damping that would be encountered at the altitudes indicated
for level flight or at lower altitudes for maneuvering conditions.
Although regions of unstable damping are not indicated for the 45° swept
wing within the range of lift coefficient tested, the assumption could
not be made that this plan form would be satisfactory for flight conditions
beyond the test limits.

Estimation of Rolling Derivatives

Rolling moment due to rolling.- A comparison of experimental and
estimated CZP at zero lift is given in figure 9. Estimated restits

were obtained-from the charts of reference 7 by using the indicated plan-
form transformations to account for compressibility effects. Good overall
agreement with regsrd to Mach number effects is shown between experiment
and theory; however, values of estimated damping were somewhat lower than
experiment.

Experimental and estimated damping in roll through the lift range
are compared in figure 10 for the three highest test Mach numbers. The

4
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estimated curves were determined from the relationships presented in
reference 8 in which the experimental lift and drag data from reference 6
were used to account for effects of induced ~ag~ Profile drag) and vari-
ations in lift-curve slope through the angle-of-attack range.

l?comoverall considerations, the trends with angle of attack shown
by the calculated curves are in good agreement with experimental results
(fig. 10); however, the reduction in estimated damping which occurred
between moderate and high lift was more gradual and of smaller magnitude
than was obtained experimentally. The occurrence of negative dsmping

(
positive Czp) was not indicated in the estimates (figs. 10(a) and 10(b))

but a large decrease in damping was shown for conditions where test results
indicated instability.

Lateral force due to rolling.- Experimental and estimated variations
of lateral force due to rolling with lift coefficient sre given in figure I-1
for the three test wings. Comparison of test results with estiutes based
on potential-flow theory (ref. 9) corrected for Mach number effects
(ref. 10), where

cYp
.CL ~+coSA tan A (CYPICL)M ‘

A+4COSA
(%p/%)M&

(1)

indicates that these estimates afford agreement with experiment near zero
lift only and very large discrepancies are evident at high lift for the
wings hating appreciable sweep. These differences may be interpreted as
an indication of the nonpotential nature of the flow over the wing for
lifting conditions. A method has been developed (ref. 1) which accounts
for these nonpotential-flow effects by multiplying values of cYp obtained

from equation (1) by a factor K as determined from experimental lift
and drag data obtained in the usual static-force tests. Estimates based
on this method show very good agreement with experimental results through
the lift-coefficient range tested (fig. 11).

.
In reference 1, development and explanation of the method for esti-

mating %p and Cyp by use of an induced drag factor K was concerned

primarily with the more straightforward application to Cnp. Some dis-
cussion of the concepts associated with the use of this induced-bag factor
with regard to Cyp might be desirable here. The factor K applied to

both the aforementioned derivatives can be considered as a ratio which
e~resses effects of inclination of the resultant-force vector on the*
wing”for test conditions, relative to two given flow conditions. For
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assumed conditions of potential flow, the resultant-force vector would be
.

inclined toward the wing leading edge. This inclination for a swept wing
results in a lateral component of the resultant force and for rolling
flight the lateral force due to roll arises from differences in this

P

lateral-force c&uponent on the upgoing and downgoing wing panels as
illustrated in the following sketch:

Lateral component of I

c
I

Lateral component of
resultant force on resultant force on
left wing

Resultant vector on right
wing inclined toward

Upgoing left wing Downgoi.ngright wing

The resulting lateral force due to rolling is directed toward the
downgoing wing and the value of this force is givenby equation (1).

A nonpotential-flow condition which may be assumed is that for which
the resultant force vector is normal to the wing surface. For this con-
dition there would be no lateral component of the resultant force and,
consequently, the lateral force due to rolling would be zero (tip suction
being neglected).

Thus far the inclination of the resultant force vector has been
discussed with regard to two assumed flow conditions for which values of

cYp may be readily obtained and it remains to be determined where the

flow conditions encountered experimentally and the corresponding vector
inclination lie relative to these two assumed conditions. The co~onent
of the resultant force parallel to the local sweep line would be expected

.

4
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to be relatively invariant with angle of attack and the measured drag
due to lift in the stream direction would then be proportional to the

‘1 drag in the plane normal to the local sweep line. Therefore, the exper-
imental drag results can be considered indicative of effects of inclinat-
ion of the resultant force vector in that plane. Estimates of Cyp

based on potential-flow theory would be expected to apply therefore if
the experimental drag due to lift was in.agreement with theoretical
values as given by ~2/ti. In llke manner, Cyp would be expected to

be zero if the experimfmtal drag due to Mft corresponded to that given
by CL tana for the case where the resultsmt force is normal to the
wing surface. The following expression for K is used to account for
nonpotential-flow effects through the angle-of-attack range:

.

Inspection of this expression indicates that, when the variation of exper-
imental drag with angle of attack is equal to the variaton of ~ tan a,

\
K is zero and no lateral force due to rolling would be expected. A
value of unity for K would indicate that the experimental flow,condition
encountered corresponded to that for potential flow.

Experimental drag due to lift for the three test wings is presented
in figure 12 and values of K determined from these results are given
in figure 13 for two Mach numbers. The variation of K with angle of
attack shows similar trends for the three wings, and the values of K
decrease in going
expected. Values
unity as might be
This variation at
number effects on

from low to moderate angles-of attack, as would be
of K at the lowest angles, however, do not approach
expected but, in some cases, appear to approach zero.
low angles is believed to be associated with Reynolds
drag due to lift and will be discussed later.

Yawing moment due to rol.lirig.-A comparison of experimental and
estimated yawing moment dVe to rolling is presented in figure 14. Esti-
mates based on potential-flow theory (ref. 7) corrected for compressibility
effects (ref. 10) agree fairly well with experiment at low lift; however,
appreciable departures are evident at moderate lift coefficients. Esti-
mates based on the method of reference 1, where
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were generally in very good agreement with test results through the lift-
coefficient range. Some of the discrepancies shown between experiment
and estimates by using the method of reference 1 are attributable to dif-
ferences in estimated and test values for damping in rolJ at high angles.

Estimated Effects of Reynolds

Experience in estimating rolling-stability

Number

derivatives for a number
of wing plan forms having considerable differences in geometry and for
Mach numbers up to 0.92 has indicated that these derivatives can be pre-
dicted with reasonable accuracy by using experimental static-force data
to account for nonpotential-flow effects. It would, therefore, be desir-
able to use these estimation procedures to assess effects which could
not be determined experimentally with existing equipment. One problem
of interest which has not been investigated experimentally is that of
the effects of Reynolds number on rolling-stability derivatives for a
large Reynolds number range. Static-force data tiom which these effects
can be estimated at low speed are presented in reference 11 for several
wings of aspect ratio 4, one of which corresponds to the 45° swept wing
of the present tests. Significant Reynolds number effects were indicated
on drag due to lift for this wing particularly at low angles of attack
and the effects might be expected to persist in the rolling derivatives.

Values of the factor K were determined for Reynolds numbers of
approximately 3.0 x 106, 6.o x 106, and 12.o x 106 and these results are
given in figure 15. Results at the lowest Reynolds nunibershow decreasing
values of K as the lift coefficient decreases from about 0.2; whereas
values for the highest Reynolds number approach unity at very low lift
coefficients. These results indicate that flow conditions closely corre-
sponding to potential flow would be expected only at high Reynolds numbers
and low lift for this wing; whereas, at high angles of attack, values of
K were not appreciably affected by Reynolds number because the flow was
separated.

Effects of Reynolds number on the rolling derivatives for the
45° swept wing are presented in figure 16 and show trends that would be
expected from the preceding discussion of K. Estimates at the highest
Reynolds number for all the rolling derivatives are in good agreement

.

with potential-flow theory up to a lift coefficient of 0.2 whereas results
.

‘MiWW%W!W%O
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at R . 3.0 x 106 for Cnp and Cyp were not in agreement with potential-

flow theory. At high lift-,Remolds number effects on CnD and Cyn

appear negligible and effects on cZp sre, to

of Reynolds number on lift-curve slope at high

the first o~der, the >ffects

angles of attack.

CONCLUDING REW!RKS

The results of an investigation to determine the rolling stability
derivatives of three wing-fuselage configurations having aspect-ratio-3
wings of 12.53° and 30° sweep and an aspect-ratio-h wing having 45° sweep
indicated similar trends with lift coefficient and Mach number for an
angle-of-attack range from 0° to 13° and Wch numbers from 0.7 to 0.92.
Appreciable losses in dsmping occurred for all the test wings at high
lift, and the aspect-ratio-3 wings became unstable at Mach numbers near
O.m.

Estimations of the rolJing derivatives for the three geometrically
unrelated wings were in good agreement with experimental derivatives
when stattc-force data were used to account for nonpotential-flow effects
for lifting conditions.

.

Langley Aeronautical Laboratory)
National Advisory Comittee for Aeronautics,

Langley Field, Vs., J- 26, 1954.
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