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EXPERIMENTAIL TETERMINATION OF THE EFFECTS OF DIHEDKAL,
VERTICAL=TAIL. AREA, AND LIFT CCEFFICIENT ON LATERAL
STABILITY AND CONTROL CHARACTERIETICS

By Marion 0. McKinney, Jr.

SUMMARY

The effects of wide variations of dihedral, verticale=
tail area, and 1lift coefficient on lateral stabllity and
control and on general flying characteristics have been

determined by flight tests of a model

in the Langley

freewflight tunnele. In order to vary the effective dilhew
dral and directional stability of the mooel Wne {E0-
metric dihedral angle was varied from «20° Lo 13° and

the vertical-tail areas,

from 0 to %5 percent of the wing

area.s The tests were made over a range of 1ift coeffie
cient from 0.5 to 1.8,

The best general flicht behavior was obtaiuned when
the effective dlhedral angle was small (s éprox. 29}
Increasing the effective dihedral above 2° caused the
flying chsracteristics to become worse because of the
reduction in oscillatory stavility and the increased
effect of alverse y‘w1n¢ due to rolan’ and ailerons.
As the effective dihedral was decreased to -15°9, th
model became increasiangly 1ifficult to fly 1“ecaugc of an
Increasing rate of Q;lrdl divergencs. Increasin:. the
directional stability improved the general I;i:nt char-
acteristics by increasing the oscillatory stability and
reducing the ailverse yawing for positive 6ffcctive cdihe=
dral angles and by reducing the sideslipping and spiral
inetability for negative effective thedr“l angles.
Increasing the 1ift coefficient had 2 slightly detrie
mentel effect on general flight behavior, psrticularly
for low values of directional stability.

It is believed that the results of the tests can be
interprseted to indicate thet an airplane with a wing
loading less than 35 pounds per square foot and with
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rolling and yawing radil of gyretion not exceeding 0.2
nd O. 3 of the wing span, respectively, will have the
bcst general fl]iﬂ& characteristics If the effective
dihedral is gsreater than zero but not so great that the
value of the effectlve-dlhedral perameter 'CL exeesds

one«xholf ths value of the dirsctlonal-stablility
parskgtcr CnB providing the valus of Cp 1s grester

NS
than 0,0020,

INTRODUCTION

Tests of modern military avz indicsted
that large changes in effecctive dih 1 may eceur over
the spsed range of an airplane op ng under various
power conditions, Thils change in effective dihedral may
cause an sirplane tlat has 2 normzsl smount of positive
effeetive dihedrsl in the hi”h-specu condition to have
large negative sffective dihedrel in a fleps-down, low-
speed, highepower condition (wave-off or landing-approach
condition). If an attempt is madsc to satisfy the require-
ments of reference 1 that the airplsne hsve positive
effective dikedral at &1l speeds, it mey hsve excessive
positive effective dihedral in the high-spced conditlion,
Negative effective dihedral at low speeds and high posie
tive effective dihedral st high speceds are known to cause
poor flying cher&cteristics, Unlsss the directionsal
stability is very hLigh or some Jevies is employed that
will zive the cirplane approxim@tely the same effective
dihedral at =211 sremds and power conditions, however,
most highepowsred girnlanss must hav: poor flying char-
actcristics st one or the other of the Hytrum speed
conditions or must incornorate some compromise thet will

s

o
~

L7 IrSS J
bl

n

ing

a

proba:ly not provide good flying charac LCPLStle st
elther oxtreme co“cltion.

The data of references 2 to l. show the effect of
variation of effective dihedral angle on the flying
characteristics., The range of dlhedral angle covered in
these investigatlons was ratiier small in comparison with
the range of effective dihedrel angle that may be encoune
tered with modern, highe-powered aLPQl:ﬂbS. A comprehen=
sive investigatlon of the effects of effective dihedral,
directional stability, end 1iit coefficient on lateral
stebility and control and on general flying character-

istics has therefore been conducted in the Langley
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free-flight tunnel. The objects of this investigation
were to determine the optimum combinations of dihedral

and directional stabllity over a wide range of 1lift
coefficient and to provide data that would aid in the
selection of the proper dihedral angles for airplanes

that must experience large changes of effective dihedrsal
over the speed and power range. The results of the
investigation are presented herein. Some of these results
(negative dihedral at high 1ift coefficients) ere reported
in reference 5.

The present investigation consisted in power-off
flight tests of a model on which changes in effective
dihedral were obtained by varying the geometric dihe-
dral anglee The tests were made over a rangs of geo=
metric dihedral angle from -20° to 18° for vertical-tail
arces from O to %5 percent of the wing area and for 1ift
coefficients of 0.5 and 1.0 with flaps up end 1.0, 1.k,
and 1.8 with flaps down. Sufficient combinations of
dihedral angle and vertical-tzil area were tested at
ecach of the 1ift coefficients to deterxine the effect of
dAihedral, vertical-tail area, snd 1lift coefficient on
laterel stebility and control snd general flying charac-
teristics over the ranges of the variables.

The results of the flight tests of the model are
presented in the form of qualitative ratings of the
spiral stability, oscillatory stability, and general
flight behavior of the model for each test condition.

rom these qualitative flight ratings ths range of good
flight behavior was establishec,.

SYN

=
n

BOL

moments are referred to the stability

The forces and
jefined as an orthogonsl system of axes

axesg, whleh ave; d
intersecting at the center of gravity in which the Z-axis
is in the plane of symmetry and perpendicular to the

reletive wind, the X-axis is in the plane of symmetry

and perpendicular to the Z-axis, and the Y-axis is per-
pendiculair to the plane of symmetry, A disgram of these
axes showing the positive direction of forces and moments
iz presented as filgure l.

The symbols and coefficients used in the present
report are defined as follows:
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mass of mndel, siugs

wing area, squar=s feet

vertical-tall area, square feet

wing spean, feet

free-stream velogity, feet per second

. ) (L

dynamic prescure, psunds per square foot \ng

time to damp to one-half amplitude, seconds; nega-
tive values indicate time to increase to double
anplitude

period of lateral oscillation, seconds

radius of gyration of model about longitudinal
axis, feet

radius of gyration of model about vertical axis,
feet

Routhts discriminant

coefficlents in stability quartic equation, given
o

in 3
in reference 6

roots of stakbility quartic equation

yawing &ngular velocity, radians per second

rolling angulear velocity, radians per second
mass density of air, slugs per cubic foot

angle of sideslip, degrees except where otherwise
specified

flight-path angle, degreces; positive for climb

geometric dihedral angle of mean-thickness line,
degrees

alrplane relative-density factor )
\pS
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time-conversion factor (
P SV,

1ift coefficient (Llft\

laterai-force coefficient

Lateral force)
gS
1llirg moment)
qSo 4

rolling-moment coefficient (RO

Vawing moument
qSb

vawing-moment coefficient

rate of change of lateral-force coefficient with
angle of sideslip, per radian <5CV/QE

rate of change of rolling-moment coefficient with
angle of 31deol1p, per degree except where

otherwise specified (502/56

rate of change of yawing-moment coefficient with
angle of sideslip, per degres except where
otherwise specified (0Cp/0f

rate of change of rolling-moment coefficient with

rolling-angular-velocity factor (&Cu/ég%\

rate of change of rolling-moment ccefficient with

yawing-angular-velocity factor \bcz/égv

rate of change of yawing-moment coefficient with

rolling-angular-velocity factor (6bn/>p \

rate of change of yawing-moment coefficient with

yewing=angulapsvolacl vy Stagesn <5Cn/6§%
APPARATUS /ND HODEL

The investigation was conducted in the Langley free-

flight tunnel, which is equipped for testing frees-flying
dyneamic airplane models. A complete description of the
tunnel and its operation is given in reference 7. Force
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tests to determine the static lateral-stability deriva-
tives of the model were made on the Langley free-flight-
tunnel six-component balance, which is described in
reference 8. This balance rotates in yaw so that all
forces and moments are measured with respect to the sta-
bility axes, Free-oscillation tests were made to deter-
mine the rotary-damping derivative Cnr by the method

described in reference 9.

The control used on free-flight-tunnel models is a
"flicker" (full-on or full-off) system. During any one
particular flight the control deflections in the full-on
position are constant and the amount of control applied
to the model is regulated by the length of time. the con-
trols are held on rather than by the magnitude of the
deflections used.

A three-view drawing of the model used in the tests
is shown as figure 2 and a photograph of the model 1is
presented as figure 3. Figure |} is a phcotograph of the
model, with flaps down and a geometric dihedral of -15°9,
flying in the test section of the tunnel. Although the
model used in the tests was not a scale model of any
particular airplane, it approximately represented a

i
Ia—scale model of any conventional fighter airplane.

The model was equipped with a duplex flap arrange-
ment in order to obtain high 1ift coefficients. These
flaps consisted of a ljO-percent-chord double slotted
flap located inboard over AO percent of the semispan and
a 20-percent-chiord balanced split flap located outboard
over L2 percent of the semispan. The front and rear
parts of the double slotted flap were deflected 30° and
709, respectively, with respect to the wing chord line.
The balanced split flap was deflected LO° with its
leading edge located 0.05 wing chord below the lower
surface of the wing and 0.10 wing chord ahead of the
trailing edge of the wing.

As previously mentioned, the effective dihedral was
changed by altering the geometric dihedral angle of the
wing, as indicated in figure 2. Four geometrically
similar vertical tails and two end-plate vertical tails
were used on the model to produce changes in directional
stability.
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he relative-density factor and radii of gyration
for the model varied during the test program between the
following limits:

".L . . . . . . . . o . . . . . . ° ° . ° - . 8. 10 tO 8‘%2
kx/b Sfa B G e T VI e BBl e ot T e O
/B a4, gy oo me oy e S T A nast n, oy DR R

The data presented in references L, 5, and 10 indicate
that changes in weight and moment of inertia of the
magnitude involved in the present investigation would
make no pronounced difference in the stability or flying
characteristics of the model.

Scope of Tests

Flight tests of the model were made with the combi-
nations of dihedral angle and vertical-tail area and at
the 1ift coefficient shown in table I. The values of
C,., and Cp, corresponding to the various configura-

tions tested are shown in figures 5 and 6. These data
show that the tests covered a range of (g from 0,0032

to =0.0042 (-16° to 21° effective dihedral) and a range
of CnB from 0 to 0,0066, This range is considered

representative of present limits for airplanes as shown
by the data given in figure 7. These data show that
three high-powered airplanes over their speed ranges fall
within the range of values covered by the present tests,
except at extremely high 1lift coefficients.

Testing Procedure

The model was flovn at each test condition by means
of ailerons 2lone and ailerons coupled with rudder. The
rudder travels used were selected by visual observation
of flight tests as the amount necessary to eliminate the
vyawing due to aileron deflection and rolling., TFor tests
in which the rudder control was crossed (left rudder
applied with right aileron and right rudder applied with
left aileron), the rudder travel used was the same as




8 NACA TN No. 109

that used for coordinated rudder and aileron control at
the same test condition. Ffor the tail-off condition the
allerons were rigged up 12° in order to eliminate the
adverse yawing due to¢ aileron daflection. The stability
and general f'lying characteristics of the model were
noted by the pilot from visual observation and each
test condition was essizned graduated retings for spiral
stability, oscillatory stability, and general flight
behavior. Motion-picture records for later study were
made to supplement the pilot's observations.

A

The spireal steability of the model was determined by
the pilot from the rate at which the modely with controls
fixed, sideslipped &nd rolleda from level T lighitr.: « oin
increasing rate of rolxliing and inward sideslip was judged

<

as spiral instability.

The general cscillatory-stability characteristics
were judged by the pillot from the damping of the lateral
oscillations of the model alter a disturbance. A model
could never be aliowed to fiy with controls fixed for
sufficient time to allew measurement of the period and
damping from the motion-picture records.

The general flight-behavior ratings are based on the
over-alli flying chareacteristics of the model. The ratings
indicate the eass with which the model cen be flown, both
for straight and level flight and for performance of the
mlld maneuvers possible in the Langley free-flisht tunnel.
Any abnormal characteristics of the model are generally
Judged as unsatisfactory general flight behavior, inas-
much as they are disconcerting to ths free-fiight-tunnel
pilots. 1In effect, then, the general flight-behavior
ratings are much the same as the pilot's opinien of an
airplane and indicate whether stability and controlla-
bility are properly proportioned.

_ CALCULATIONS

Boundaries for neutral spiral stability (E = 0),
neutral oscillatory stability (R = 0), and neutral
directional stability (D = 0) were calculated over the
test range by means of the stability equations of ref-

erence 6 and are shown in figures 8 to 12.
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Lines of constant damping of the spiral mode were
also calculated for the model by determining the root of
the stability quartic A that would give the desired
value of damping by the following formula (reference 6):

-0.693T
T

)\.:

and determining various values of Clg and Cnﬁ that

would give this root A by substitution of the root in

the stability quartic. The calculated lines of constant
2 1 . . G) -

damping are shown in figures ¢ to 12.

Lines of constant period and damping of the oscil-
latory mode were calculated from the following &approxi-
mate relations given in reference 6:

2T

VD/B

ol

and

The calculated lines of constant period and damping of
the lateral oscillation are shown in figures 8 to 12.

Values of the static-lateral-stability deriva-
tive CY6 and the variation of CYﬁ with Cnﬁ used in
the calculations were determined from force tests of the
model. As was previously mentioned, the values of the
rotary derivative Cp,, Wwere obtained from free-oscillation
tests of the model by the method described in reference 9.
The other rotary derivatives €3 _, €, , and Cip Were
estimated from the charts of reference 11 and the formulas
of reference 12. The values of the mass characteristics m,
ky, and kZ were measured for the model. Values of &the
stability derivatives used in the calculations are given
alvall il ier SEIE
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RESULTS AND DISCUSSION

The variations of effective-dihsdral parameter CZB
and directional-stability parameter Cp, Wwere obtalned

in the present investigation by changing the geometric
dihedral angle and the vertical-tail area. Flying char-
acteristics, however, depend on the vaiues of the sta-
bility derivatives, not on the method by which they are
obtained; hence, the flying characteristics of the model
may be applied to conditions in which changes in the
stability derivatives were obtained by some other means,
such as power. :

The principal results of the present investigation
are given in figures 8 to 1L in the form of ratings of
the general flight behavior of the model. All flight
ratings not in parentheses were obtained with a total
aileron deflection of [0°; thorfe in parentheses were
obtained with a total aileron deflection of 50°. The
neximum values of pb/2V corresponding to aileron deflec-
tions of 3%0° and 50° were determined to be about 0.08
and 0.12, respectively, from roll-offs &at a geometric
dihedral angle of 0°, with the vertical tail having
St

=i 0.15 and with coordinated rudcer. These values of

pb/2V were approximately constant over the range of
1lift coefficient covered in the tests.

The results of the tests are believed to be directly
applicable to airplanes having moderate wing loadings
(approx. 35 1b/sg ft or less) and rolling and yawing
radli of gyration not exceeding 0.2 and 0.3 of the wing
span, respsectively.

Spiral Stability

In general, the tests showed that reducing the
effective dihedral or increasing the 1lift coefficient
caused a reduction in spiral stability. The changes in
spiral stability over most of the range tested were
slight, although the spiral divergences were rapid enough
at large negative effective dihedral angles (<Cj;,< -0.002

and high 1ift coefficients (CL » 1.0) to be considered
dangerous.
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These results are in qualitative agreement with the
calculated spiral-stability characteristics of the model
presented in figures 8 to 12 as lines of constant damping
nf the spiral mode. These theoretical results, 1like
the test results, show that reducing the effective-
dihedral parameter ‘CLB or increasing the 1ift poeffi-

cient caused an increase in the time for the spiral mode
to damp to one-half amplitude or & decrease in the time
to increase to double amplitude over the range of condi-
tions tested. Similarly, the theoretical and experi-
mental results show that increasing the directional-
stability parameter Cn‘3 caused a slight reduction in

spiral stability for positive effective dihedral angles
and a slight increase in spiral stability for negative
effective dihedral angles with very little effect of
varying the directional stability for effective dihedral
angles near zero.

No quantitative check of theory with tests could be
obtained inasmuch as a spiral divergence could not be
allowed to develop far enough in the confines of the
tunnel to permit measurement of the rate of spiral con-
vergence. A reasonably good check of the calculated
spiral-stability boundary (E = 0) was obtained, how-
ever, when the nature of flight in the free-flight tunnel
is considered. Very low rates of spiral stability cannot
be detected in the tunnel because the model cannot be
allowed to fly without application of controls in the
rather gusty air of the tunnel for sufficient time to
allow low rates of spiral divergence to be detected.

Oscillatory Stability

Accurate quantitative measurements of the damping
could not be obtained for all conditions. The results
are therefore presented in the form of qualitative ratings
for damping at each test condition. The approximate
quantitative equivalents of these ratings are:
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Approximate quantitative

equivalent

Rating | Qualitative rating
A Stable
B Slightly stable
C Neutral
D Slightly unstable
B Dangerously
unstable

Damps
in
Damps
in

Zero damping
Builds up to double amplitude

in

Builds up to double amplitude

in

to one-half amplitude
less than 2 cycles
to one-half amplitude
more than 2 cycles

more than 1 cycle

less than 1 cycle

The ratings in figures

positive effective dihedral,

low directional stability.

8 to 12 show that, although
increasing the 1lift coefficient reduced the oscillatory
stability for virtually all model configurations having
the magnitude of. the reduc-
tion varied for the different combinations of effective
dihedral and directional stability. In general, the
effects of 1lift coefficient on the oscillatory damping
were more pronounced with high effective dihedral and <
This variation in the magni-
tude of lift-coefficient effects was in good agreement
with the variation ghown by the shifting of the theo-
retical oscillatory-stability boundaries and lines of

constant damping shown in figures

A comparison of the theoretical oscillatory-stability
in figures 8 to 12 with the
ratings for damping of the oscillation obtained in flight
tests of the model indicetes good agreement between
theoretical and test results for the part of the boundary
within the positive dihedral rsange. Detection of a
lateral oscillation is difficult when the spiral insta-
bility 1s great. Apparently, however, the part of the
oscillateory-stability boundary within the negative dihe-
dral range had no significance or was in error inasmuch
~as no lateral oscillation could be detected at test con-

boundaries (R = 0, T =o»)

ditions near the boundary.

G TOLL 2.
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Lateral Control

Increasing the effective dihedral caused a reduc-
tion in the effectiveness of the ailerons for roll-offs
from a zero-bank condition and an increase in the effec-
tiveness of the ailerons for recoveries because of the
sideslips involved in these maneuvers when the controls
were coordinated in a normal manner. No measurements of
this effect of dihedral on rolling velocity were made
but the pilot's comments indicated that recoveries were
more rapid than roll-offs at large positive effective
dihedral angles, whereas the roll-offs were much more
rapid than recoveries at all negctive effective dihedral
angles. Roll-offs and recoveries appeared to be equally
rapid at small or moderate positive effective dihedral
angles. The over-all effect of dihedral on lateral con-
trol was adverse inasmuch as the slow recoveries &t the
negative dihedral angles were objectionable when the
pllot attempted to prevent the model from falling off
into a spiral and the slow roll-offs at high positive
dihedral were objectionable for maneuvering.

Use of only ailerons for lateral control caused the
flying characteristics at large positive dikedral angles
to become worse as may be seen from a comparison of the
general flight-behavior ratings of figures 13 and 1l with
those of figures 8 to 12. The adverse yawing in aileron
rolls caused an appreciable reduction in the rolling
velocities in roll-offs, which the pilots considered
objectionable. At negative effective dihedral angles,
however, use of ailerons alone caused the reclling
velocities in recoveries to be slightly more rapid thean
if both ailerons and rudder were used. Much of this
favorable effect of adverse yawing was lost, however,
inasmuch as the pilots considered the yawing motion
objectionable. The differences between the rolling
response of the model when controlled by ailerons alone
or by ailerons and rudder were, of course, increased at
higher values of 1lift coefficient, which caused an increase
in the adverse yawing. The effect of use of ailerons
alone for control with flaps deflected might be expected
to be greater for most airplanes than was indicated by
the present tests inasmuch &s the ailerons used on the
model give less adverse yawing moment thkan the types of
aileron gener&lly used on full-scale airplanes.

Control by means of rudder alone was generally
fairly good for test configurations having an effective
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dihedral angle greater than 10° -clﬁ > 0.002). When

/
the effective dihedral angle was lsss than 10° but
greater than 00, it was possible to pick up a low wing

by means of rudder alone although control by rudder alone
was not satisfactory.

General Flight Behavior

The results of the tests are best summarized by the
general flight-behavior ratings. Spiral stability,
osclllatory stabtility, and controllability are all con-
sidered desirable but a proper balance of these factors,
with consideration of their relative importance, is
necessary to give satisfactory flying characteristics.
The general flight-behavior ratings, for which the over-
all flying characteristics have been considered, are
" therefore thought to be the most significant results of
the tests.

Effect of dihedral.- The general effect of variations
of effective dihedral on the general flight behavior is
evident from the ratings of figures 8 to 1ll. Increasing
or decrecasing the effective dihedral from a moderate
positive value (-CZ(3 = 0 to 0.00l) caused the general

light behavior to beccme worse, particularly when the
directional stabllity was low. The causes of the unde-
sirable general flight behavior in both the positive and
negative effective dihedral ranges were quite different.

The oscillatory stability seemed to be the predomi-
nant factor affecting the general flight behavior within
the range of positive effective dinedral. This conclu-
sion is fairly well borne out by the general flight-
behavior ratings of figures 8 to 1lli. These ratings show
that the boundary regions of good, fair, or poor general
flight behavior &are roughly similar in shape to the
oscillatory-stability boundary and lines of constant
damping of the oscillatory mods, whereas these ratings
in the spirally unstable regions show no pronounced
adverse effect of spiral instability for positive
effective-aihedreal regions.

Oscillatorily unstable configurations were generally
considered to have poor general flight behavior although
the model was never so oscillatorily unstable as to be
unflyable when the directional stability was positive.
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The oscillatory=-stability characteristics, however,
were not the only factors affecting the general flight
behavior in th2 positive effec LLvn-dldeﬁral region.
Increasing the effective dihedrael angle caused the flying
characterisgtics to become worse becawse of the abrupt
rolling end lateral oscillations that followed each gust
disturbance in the normalLy rough air of the tunnel and
because of the adverse effects of high dihedral angles
on the lateral controles The rolling 090111atlons
resulting from zusts were particularly objectionable at
high airspeeds, whereas the control characteristics were

he more predominant causze of the poor flying character=-
istics at low speeds,

The rate of spiral divergence for the test condi=
tions at which the model had positive effective dihedral
was observed to be small for the range of 1ift coeffi=-
cient covered in the present investigation, and the
controls=rixed lateral motion was characterized by a
slow gentle roll-off and sideslip from the steady state.

The lecfngCe could be controlled readily by occasional
application of a total aileron deflection of 30°, TUnder

these cond tions, the model was as casy to fiy as if it
had been spirally stable and because of the gusty air 1in
the tunnel did not seem to require nore freqpcnt control
than i{ it had been slightly spirally stable,

Within the negative affactive-dihwdral range, howe
ever, the spiral stability was the P-COMLHq”+ Tactor
affecting the general flight benh av'ov and the effects of
the osegillatory stability were le discernible,

At small values of nesgative offective dihedralsy
flizht characteristics wers not much worse than those

", X Ao

at small values of positive CJL ctive blnvd““ and the
slow spiral divergences were readily controlled by appli=
cation of the aileron and rudder controls, The rate of
spiral divergence, howcver, was found to become incrcas-
ingly rapid with negative effective dihedral until, at
an effegetive dl“\opdl of about =159, the divergence was
quite viclent for 1ift coefficicnts of 1,0 and overe As
in the case of small positive effective dihedral, the
motions were charactcrizecd by a rolleoff and sideslip
from steady flighte As the negative erfective dihedral
was increased, the ratc of spiral divergence incrcased
untily, for the largest nsgative 1huural angles, the
motion appeared to be as rapid as a fast aileron roll,
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The controls had to be applied almost immediately after
the divergence was noticed because, when there was only
a slight lag in the application of corrective control
following a daisturbance, the unstable moments resulting
from spiral instability became sufficiently large to
overpower the moments of the controls so that return to
straight flight was impossible.

It was generally found impossible to fly the model
with negative effective dihedral angles greater than

about -~10° (~CLB ~ -0.002> with a total aileron deflec-
A\

tion of 30°., The rate of spiral divergence apparently
had become great enough by the time the pilot applied
opposite control to make recovery impossible. Aileron
application retarded but did not stop the divergence.

In order to obtain data for the whole test range,
the total aileron deflection was increased from 30° to
500 for almost all test conditions for which
-Czﬁ < -0.002. It was therefore possible to control the

spiral divergence over the complete range of negative
dihedral angie. Flight was difficult, however, when
—CZ@ < -0.002, Vbvecause constant ettention to the con-

trols was required.

The largest negative effective dihedral angles
<'CZ§ = ‘O-OO5> seemed to be the maximum for which the

model could be flown with a total aileron deflection

of 50°, inasmuch &s even slight delays in aprlying
lateral control allowed the model to continue to diverge.
Many crashes, therefore, occurred during the tests at
values of ‘Clﬁ of about -0.003,

The model was found to be unflyable at low 1lift
coefficients Cr, = 0.5 with large negative effective
dihedral angles and low directional stebility. Such a
condition is probably only of academic interest inasw
much as theory indicates that the spiral instability is
not so great as for some conditions st which the model
has been flown at higher lift coefficients; however, the
cause of the bad flying characteristics seems to be
worth mentioning. The tests agreed with theory 1intthag
the spiral instability was not so great at low 1ift
coefficients as at higher 1ift coefficients. The yaw
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of the model due to gust disturbances appeared to be the
cause of the trouble. VWhen the model yawed around due
to a gust disturbance the leading wing dropped very
rapidly, because of the high airspeed, and the roll had
developed so far by the time the controls were applied
that no recovery was possible.

The general flight-behavior ratings in figures 8
to 12 were given when the rudder was coordinated with
the ailerons in the normal manner (right rudder with
-right ailersn). The flight tests, however, showed that
when the ailerons elone were used or even when the rudder
control was crossed the flying characteristics of the
model were improved throughout the negative dihedral
range and the model was slightly easier to fly. This
improvement evidently occurred because the sideslip
resulting from adverse yawing opposed the inward angle
of sideslip ceused by the spiral divergence and, in spite
of the adverse effect of rolling due to yawing, reduced
the rolling divergence. This reduction of inward side-
slip improved the response to the controls. The large
amplitude of the yawing motions csused by crossing the
rudder control, however, was objectionable to the free-
flight-tunnel pilots. Application of opposite rudder
with ailerons would probably be objsctionable to the
pilot of an airplane because it is an unnatural motion
and would cause &a loss of altitude. In a crucial moment,
the pilot would probably react by applying coordinated
rudder and aileron control rather than thinking to apply
rudder opposite to the ailerons. A pilot might, however,
be trained to apply no rudder with aileron control when
flying an airplane in conditions that are known to gilve
negative dihedral effect. Thus improvement in the con-
trol response for recovery may be obtained.

The wave-coff, take-off, and landing-approach condi-
tions are believed to be dangerous for airplanes that
have large negative effective dihedral because, when
these conditions are encountered, there is only a
limited altitude in which to apply corrective control.
Flight with as much negative effective dihedral as was
encountered in the present tests should be possible if
the airplane silerons are as powerful as those of the
model tested and careful attention is given to controlling
the airplane. Flight with greater negative effective
dihedral engles than were encountered in the present
tests might be possible inasmuch as the rate of diver-
gence of the airplane would be Vﬁ' times as fast as
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that of the model, where N 1is the scale of the model

as 1/10, 1/15, and so forth. No information is available,
however, concerning the relative reaction time and the
time to deflect the controls for free-flight and airplane
rilots. Because no correlation has been made of time to
damp with the boundaries of the region in which flight is
impossible in the Langley free-flight tunnel, an exten-
sion of the results to more negative dihedral angles is
difficult. Inasmuch as the rate of spiral divergence of
full-~scele airplenes is slower than thet of the model,
however, it is believed that the amount of negative effec-
tive dihedral that would constitute a dangerous condition
would be greater for airplanes than for the model.

The results of the tests have been summarized in
figure 15 as boundaries of the region within which good
general flight behavior of the model was obtained. These
results, as shown in figure 15, are believed to be
directly applicable to airplanes heving mass character-
istics similar to the model. This criterion, hewever,
should be modified to take into consideration differences
in the mass characteristics of airplanes from those of
the model. The data of references 3, li, and 10 may be
used to interpret the present data for the effects of
wing loading, altitude, and mass distribution. The
results of the present tests may be applied directly to
alrplanes having moderate wing loadings and radii of
gyration to indicate that the effective dihedreal should

be greater than 0° and that the ratio of -C;. to Cng

e ,
should not exceed 1/2. The data of refersnces 2, u,
and 10 considered together with the present data indicate
that airplanes having high wing loadings and/or high

radii of gyration should have an effective dihedral angle
greater than 0° and that the ratic of -C;. to Cnﬁ
h

shouléd not exceed 1/.

BEffect of directional stability.- Increasing the
directional stability Improved the general flight behavior
of the model over the range of dihedral angle and 1lift
coefficient tested, as shown in figures & to 1l.

The tests showed that for the range of small posi-
tive effective dihedral angles, adequate directional
stability was more desirable than the slightly lower
rate of spiral divergence associated with lewer direc-
tional stability, because excessive yvawing was encountered
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with low directional stability. The rates of spiral
divergence within the positive effective dihedral range
were, as previously discussed, quite slow even with a
high degree of directional stability.

For higher positive values of effective dihedral,
at which the oscillatory stability is an important
factor affecting the general flight behavior, increasing
the directional stability caused a great improvement in
the general flight behavior by increasing the oscillatory
stability as well as reducing the rolling and yawing due
to gusts and improving the control characteristics as was
previously discussed. The detrimental effect on general
flight behavior of the slight decrease in spiral stability
with increasing directional stability was thus heavily
overbalanced by the improvement of the oscillatory char-
acteristics and lateral control.

When the effective dihedral was negative, increasing
the directional stability caused a slight reduction in
the spiral instability as well as a reduction in the
yawing due to gusts and aileron control and resulted in
an 1mprovement in the general flight behavior.

The motions of the model with tails off, geometric
dihedral angle of -20°, and at 1ift coefficients of 1.4
and 1.8 appeared to be directional divergences. Imme-
dlately after taking off, the model commenced a diver-
gence in yaw that was followed by rolling in the opposite
direction caused by the negative dihedral. No other
indications of directional divergence were observed in
the tests with tails off although several tests were
made at values of Cy. and Cp that were below the

directional divergence boundary.

The minimum values of the directional-stability
parameter Cp, required to obtain good general flight

characteristics are shown in figure 15 for the range of
values of lift coefficient and effective-dihedral
parameter covered in the present tests. If an airpl ane
has the optimum value of effective dihedral and can
attain a maximum 1ift coefficient of about 1.8, and if
the critical control condition is considered to be con-
trol by ailerons alone, figure 15 shows that a value of
Cpe 2 0.002 1is required to obtain good general flight

[

behavior.
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Bffect of 1ift coefficient.- Figure 16 was prepared
by interpolation from figures 8 to 12 to show the effects
of 1ift coefficient on the general flight behavior inas-
much as the effect of 1ift coefficient was slight and
could not readily be ascertained from an inspection of
the separate figures. Figure 16 shows that increasing
the 1ift coefficient caused the general flight behavior
of the model to become slightly worse for the range of
effective dihedral angle presented except for the con-
dition of negative effective dihedral and low directional
stability, which has previously been discussed. The
effect of 1ift coefficient was slightly greater at low
values of the directionai-stability parameter Cp.. The

P
detrimental effect of increasing the 1lift coefficient
was greater when the ailerons were used as the sole means
of control, as may be determined from figures 1% to b,

because of the increase in adverss yawing due to rolling

and ailerons at the higher 1ift coefficients.
CONCLUSIONS

Tests were made in the Langley free-flight tunnel to
determine the effects of effective dihedral, vertical-tail
area, and lift coefficient on the lateral stability and
control &and general flying characteristics of a free-
flying dynamic model. The following conclusions are
believed to be directly applicable to airplanes having
moderate wing lcadings (approx. 35 1b/sq ft or less) and
rolling and yawing radii of gyration not excesding 0.2
and 0.% of the wing span, respectively:

l. In order to obtain the best flying character-
1stics over the range of 1lift coefficient tested the
following conditions should be satisfied:

(a) The effective dihedral parameter Czﬁ should
be positive <'Clp > O).

(b) The directional-stability parameter Cnlz should
be greater than 0.002.

(¢) The ratio ~CL@/CHE should be less than 1/2,

|
1

A
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These criterions are believed to be applicable to air-
planes h&aving mass characteristics similar to those of
the model tested.

2. The model was found to be flyable over the range
of positive effective dihedral angle tested, provided it
was directionally stable. As the effective dihedral was
increased from an optimum value of approximately 2°,
however, the flying characteristics became worse and
more critically dependent upon the use of the correct
amount of rudder centrol in conjunetion with the ailerons.
At high speeds the use of large rudder travels caused
unnaturally rapid relling, and at low speeds the use of
too little rudder caused serious adverse yawing with
accompanying reduction in rolling.

3. The model was found to be flyable for effective
dihedral angles as low as -15° for 1ift coefficients of
1.0 or greater. As the effective dihadral was decreased
from 0° to -15°, however, the model bescame increasingly
difficult to fly. With an effective dihedral of -15°
(_CZF < 0.003 the flying c¢haracteristics were considered

B
%o be dangerous because when there was only a slight lag

in the application of corrective contrecl following a
disturbance, the unstable moments resulting from spiral
Instability became sufficiently large to cverpower the
moments of the controls so that return to straight flight
was impossible. Inasmuch as full-scele airplanes because
of their greater size will diverge at a slower rate than
free-flight-tunnel mcdels, the amount of negative effec-
tive dihedral that would constitute a dangerous condi-
tion is expected to be greater for full-scale airplanes.

i« Increasing the directional stability improved
the general flight behavior over the entire dihedral
range in spite of reduction in spiral stability with
increasing directional stability within the positive
effective dihedral range.

5. Increasing the 1lift coefficient had a slightly
detrimental effect on the general flight behavior, par-

ticularly when the ailerons were used as the smle lateral




£a NACA TN No. 109k

control because the adverse yawing due to rolling and
ailerons was incre&sed by an increase in 1lift coefficient.
|

Langley Memorial Aeronsutical Laboratory
National Adviserv Committee for Aeronautics
Langley Field, Va., January 13, 19.6
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Flgure 16 — Effect of It coefficrenton general flight behavior
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