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NATIONAL ADVISORY COMMITTEZE ¥OR AERONAUTICS
RESEARCH MEMORANDUM

FACTORS AFFECTING LATERAL STABILITY AND CONTROLIABILITY

By John P. Campbell and Thomas A. Toll
SUMMARY

The results of a number of recent lateral-gstability investigations
conducted by the NACA are summarized in this paper. Illustrations are
given of some of the effects on dynamic lateral stability of a few of

- - the more important asrodynamic and mass characteristics such.as ths
directional-stability parameter” Chﬁ;‘“the—effective-dihedral.~_,‘4<_4_

parameter CZB’ the damping-in-roll parameter CZp’ mass diatribution,

and relative density. The problems associated with the so-called
"snaking" oscillation encountered recently by several high-speed airplanscs
are discussed. Some of the important factors affecting the values of the
gtability derivatives ussd in dynamic lateral-gtability caleculations for
airplanes with low-aspect-ratio swept wings are indicated, and a method

ig suggested for estimating the effects of scale and roughness on the
stability derivatives.

INTRODUCTION

The problem of obtaining satisfactory lateral stabllity has bscome
increasingly difficult as airspeeds have increased and as designesrs have
resorted to the use of extreme sweepback and low aspect ratio. At high
gpeeds, many of our military airplanes have exhibited a lightly damped
yawing oscillation - the so-called "snaking" oscillation. At low speeds,
lateral-stability troubles are anticipated with sweptback and low-
aspect-ratio designs, partly because of their relatively high effective
dihedral and low damping in roll. In general, the problem of oscillatory,
or Dutch roll, stability does not now appear to be so serious for swept
airplanes as originally anticipated, but in many cases it 1s important.
In some cases, lateral controllabllity is a more ilmportant factor taan
Dutch roll stabillity in determining the configuration of the airplans.

This paper will deal first with the effect on stability of some of
the more important aerodynamic and mass characteristics and will then
present methods for estimating the various stability parameters to be
uged in stability calculations for high-speed airplanes. ’
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SYMBOLS

11ft coefficient

drag coefficlent

rate of change of 1ift coefficlent with angle of attack «,
per degree (Cr/da)

rate of change of rolling-moment coefficient with angle of
sideslip B, per degree (3C;/dB)

rate of change of yawlng-moment coefficlent with angle of
sldeslip B, per degree (dC,/dB)

rate of change of rolling-moment coefficient with wing-tip

b acz
helix angle 577 per radlan SEE
v
rate of change of yawing-moment coefficient with wing-tip
aC
po —n
helix angle &y Per radian 322
av.
rate of change of rolling-moment coefflcient with yawlng-
rb )
veloclty parameter 57, Per radian ——g
r
O

angle of wing incldence, degrees

indicated airspeed, miles per hour

sweep angle, degrees

agpect ratilo

taper ratio, ratio of tipvchord to root chérd
wing span

wing chord

Reynolds number

Mach number
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IMPORTANT FACTORS AFFECTING DYNAMIC LATERAL STABILITY

Directional Stability and Effective Dihedral

Two of the most important factors affecting lateral statbility and
controllability are the directional-statbility parameter CnB and the

the effective-dihedral parameter CZB. (See references 1 to 3.) These

two factors are used as the basis for the conventional stability chart
shown in figure 1. The ordinate is CnB and the abscissa is -CZB

which 1s positive effective dihedral. The boundary shown is for neutral
ogcillatory or Dutch roll stability calculated for a general research
model tested In the lLangley free-flight tunnel. In the figure are twc
points which represent two models or airplanes with different combinations
of CnB and CZB. The first point at high CnB and low CZB is for a

- good flying condition. The osclllafory stabilify 1s Very good and the
controllablility is also good because the large value of CnB keeps

adverse yawing to a minimum. The second point which has large CZB and

low CnB represents a pocr flying condition. It can be seen that_since

this point is below the stabllity boundary, Dutch roll instability is
indicated. Even i1f the boundary were below this point (which 1s quite
likely in many cases), the controllability for this condition would be
poor because the low directional stability would permit excessive adverse
yawing, which in combination with the high effective dihedral will cause
a serious reduction in aileron rolling effectiveness. (See reference L.)
This happened in the case of the L-39 sweptback research airplane.

Damping in Roll

Another lmportant factor affecting lateral stablility is the damping
in roll which becomes smaller as the sweepback 1s Increased and as the
agpect ratio 1s decreased. The effect on lateral stability of reducing
the dampling In roll 1s shown In figure 2 which is a stability chart
gimilar to that already presented. The oscillatory-stability boundaries
have been plotted for values of the damping-in-roll parameter Czp

of 0, -0.1, and -0.2. The value of Clp for a straight-wing conventional
airplane is about -0.4 or -0.5. These boundaries which were taken from

reference 5 were calculated for a hypothetical transonic alrplane and are
- intended only to Indlicate the trends cobtained as Czp ig varied. It 1s

evident from the boundaries that reducing C, reduces lateral stability.

Although the effect shown is probably typical for most airplane designs,
calculations have indicated that the reverse effect might be present for
some airplans configurations.
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Wing Incidence

Several alrplanes now In the design stage have provisions for
variable wing incidence to permit the fuselage to remain at a low angle
of attack while the wing goes up to the high angles of attack required
because of the high sweep and low aspect ratlo. Recent theoretical work
(reference 6) which has been checked by tests in the Langley free-flight
tunnel (reference 4) has indicated that increasing the wing incidence
might have a detrimental effect on lateral stability. This effect 1s
11lustrated in figure 3, which 1s a stabllity chart for a free-flight-
tunnel sweptback-wing model with 0° and 10° wing incidence.

Changing the wing incidence in effect changes the inclination of the
principal axes of inertla of the airplane which is the factor that
produces the change in stability. For example, in the case of the
airplane with 0° wing incidence the fuselage is at the same angle of
attack as the wing; and, because the principal longltudinal axis of
inertia 1s usually approximately in line with the fuselage, 1t also has
the same poslitlive angle of attack. In the case of the wing with 10° wing
incidence, however, 1t can be seen that the fuselage and, hence, the
principal axes of inertia will have very little angle of attack. A
comparison of the two boundaries shows that the effect of using positive
wing incidence is to decrease the oscillatory stability. It therefore
appears desirable to avoid the use of large positive wing incidence if
possible. Scme calculations have shown that even a small change in wing
incidence (as small as 2°) can give large changes in stability.

Mass Distribution and Relative Denslty

The effects of mass dlstribution and relative density on lateral
stabllity have been investigated both theoretically and by tests in the
langley free-flight tunnel (references 5, 7, and 8). In general, the
results have indicated that usually no pronounced effects on stability
occur when the relatlve denslity 1s increased by increasing elther the
wing loading or the altitude. Simllarly, increasing the moment of 1nertia
in yaw by increasing the weight in the fuselage does not usually appear to
affect stability greatly. Increasing the moment of inertia in roll by
increasing the welght carried in the wing, however, does have a pronounced
effect on the stability, as 1llustrated by figure 4, which 1s a stability
chart for a typical sweptback fighter model tested 1In the Langley free-
flight tunnel with and without wing-tlp tanks. A comparison of the two
points on the chart shows that adding the taenks caused some slight changes
in aerodynamic characterlstics, but the maln effect of the tanks was to
increase the moment of inertia in roll which resulted in the large shift
ghown in the oscillatory-stability boundary. A pronounced reduction in
the stability of the model 1s indicated when the wing tanks are installed.
Since the period of the oscillation in this case 1s fairly long, however,
1t 1s posslble that the airplane pllot would have less difficulty in
flying with thls unstable condition than he would in other cases where
the oscillation is of shorter period and lightly damped.
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THE "SNAKING" OSCILLATION

Examples of lightly damped short-period oscillations which are
difficult to control have been encountered recently on a number of
military ailrplanes. These alrplanes exhibited poor lateral-oscillation
characteristics or "snaking' in high-speed flight. A study of thie
snaking oscillation was recently conducted with a conventional single-
engine low-wing attack alrplane for which poor lateral-oscillation charac-
teristice had been reported. The results of this investigation are
gumnarized on figures 5 and 6. Figure 5 shows a time history of the
rudder motion and yawing velocity after a disturbance in yaw for various .
rudder conditlions for an indicated ailrspeed of about 350 miles per hour.
With the rudder free, the snaking osclillation was very lightly damped
even though the actual rudder deflections were less than half a degree.
With the rudder locked,the damping was much better and was considered
satisfactory. The middle record shows that with Just the rudder pedals
- -fixed-a -true rudder-fixed condition was not obtalned and _the damping was
not much better than with rudder free.

The variation of the damping with airspeed 1s shown in the first
part of figure 6. The cycles required to damp to 1/2 amplitude and
period of the oscillation are plotted as a function of indicated alrspeed.
With rudder locked, the damping in cycles remained constant over the
speed range; while with rudder free with the original horn balance the
damping was not so good as with rudder fixed at low speed and became
progressively worse with increasing airspeed. When the horn balance was
removed, the damping was essentlally the same as with rudder locked.

An explanation for these changes in damping is given on the rudder-
free stability chart on the right of this figure. On this plot of ChW

against Ch8 the calculated rudder-free stabllity boundaries for this

alrplane with the effects of friction in the control system are taken
into account. The boundaries, which were calculated by methods that
were developed in references 9 and 10 and checked 1n reference 11,
indicate the combinations of ChW and Ch6 which produce stability,

divergence, constant-amplitude oscillations, or increasing oscillations.
With the horn balance the measured hinge-moment factors were as indicated
by the point on the chart. The fact that this point is not far from the
constant-amplitude osclillation boundary explains why at low speede the
damping was less with rudder free than with rudder fixed.

The decrease in damping with increase in airspeed for the rudder-
free condition 1s attributed to the effects of Mach number on the hinge-
moment parameters ChV and ChB' Tests have shown that as Mach number

is increased, both Chv and Ch6 might become more positive which would
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shift the point on the chart towards a reglon of worse damping.
Removing the horn balance makes both Chv and Ch8 more negative and,

therefore, shifts the point on the chart to a region of greater damping
of the oscillation. The greater damping explains the lmprovement noted
in the flight tests when the horn balance was removed. The current
trend of alrplane design which leads to intenticnal selection of a

low Cy_ and a positive C 1s such as to invite snaking or poorly

damped oscillations. It is therefore lmportant that the damping charac-
teristice be checked by calculations and that due allowance be made for
the effect of Mach number on the hinge-moment parsmeters.

Although the rudder hinge-moment characterlstics appear to have a
very important effect on snaking oscillations, other factors are
undoubtedly involved in many cases. For example, fuel sloshing has in
some cages appeared to meke the snaklng motlon worse, and such factors
ag the alr flow at the tall-fuselage Juncture and the arrangement of the
tall pipe in the fuselage have been shown to affect enaking. Even when
none of these factors are involved, an alrplane might exhibit snaking in
the rudder-fixed condition just because the damping of the Dutch roll
oscillation is weak. Poor damping might be the reason for the snaking
experienced with the XS-1. The fact that in high-speed flight the
fuselage (and thus the principal longitudinal axis of inertia) is more
nearly alined with the relative wind will tend to make the Dutch roll
oscillation damping worse than that at low speeds-

ESTIMATION OF STABIIITY DERIVATIVES

The discussion presented so far has indicated some of the design
conditions that must be avoided 1f satiefactory lateral stabllity charac-
teristice are to be obtained. In general, it has been found through
experience with models in the Langley free-flight tunnel that f£light
characteristics can be predicted through solutions of the equations of
motion, provided that sufficient information is at hand regarding the
mass characteristics of the models and the values of the stability
derivatives.

Theoretical Work

The theoretical stability derivatives for unswept wings given 1in
reference 12 have generally been found to be adequate. The use of sweep
may affect the values of gome of the derlvatives appreclably however;
and, In general, the available rigorous theorles applicable to swept wings
are too cumbersome to be used for the preparation of charts simllar to
thoge gilven for unswept wings in reference 12. Analyses of swept-wing
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data, such as those gliven 1n reference 13, have indicated that through
pimple geometric considerations, correction factors may be derived to
account for the effects of sweep. When these factors are applied to
rigorous theoretical values of the derivatives of unswept wings,
reasonably reliable derivatives for swept wings may be obtained. Such
factors have been derlived 1n an unpublished analysis for the various
derivatives. Some sample charte based on the method are shown in
figure T. These charts 1llustrate trends resulting from the effects

of sweep on some of the important staebility derivatives of wings having
a taper ratio of 0.5 and no dlhedrsal.

Porhaps the greatest effect of sweep is on the effective-dihedral
derivative -CzB. It should be noted that for small aspect ratiocs a

glven angle of sweepback may result in high positive effective dihedral,
whereas, the same angle of sweepforward may result in little or no
negative effective dihedral. This is caused by the fact that, although
the increment of CZB resulting from sweep does not vary to any large

“extent with aspect ratio, the value of -ézﬂ for unswept wings increases

rapldly as the aspect ratio decreases.

The approximate method of calculation indicates that the damping in
roll CZP 1s reduced by sweep, but this effect generally is not large

except for relatively high aspect ratics. In thls connectlion, 1t might
be mentioned that the effectivenese of ailerons, which occupy a glven
portion of the wing surface, 1s found to decrease with sweep more rapidly
than the damping in roll. If 1t 1is desired, therefore, to meet the usual

pb
57
either larger ailerons or greater deflectlons must be provided as the
sweep angle is increased.

rolling criterion of a specified value of the wing-tlp helix angle

Sweep causes appreclable increases 1n the magnitudes of the deriva-
tives of yawing moment due to rolling Cnp and rolling moment due to

yawing Czr' This increase 1s in contrast to the reductions noted for
the value of Clp and usually found for the 1lift-curve slope Cp .
: : _ a

Correlation of Theoretical and Experimental Results

Experimental determinations of the various stabllity derivatives
have been made for a large number of wings through the use of the rolling-
and curved-flow equipment of Langley stability tunnel. In general, the
test results have subsgtantiated the trends shown by the charts. The data
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have indicated, however, that under some conditions, the calculated
values of the derlvatives may apply to only a limited lift-coefficient
range. This fact 1s 1llustrated by figure 8 which shows comparisons of
experimental and calculated values of the derivatives -Cia, Cq

r

and Cnp for an untapered 45° sweptback wing of aspect ratio 2.6. The

tests, which were made at & Reynolds number of about 1,400,000, are
reported in references 1l and 15.

For this case, the initial slopes of the derivatives against 1ift
coefficlent are In fairly good agreement with the slopes 1lndicated by the
calculations. The data begin to deviate from the initial slopes, however,
at a 1lift coefficient of about 0.5, and the deviations become very
important at high 1lift coefficlents. Under these test conditions, the
rolling moment due to sideslip and the rolling moment due to yawing
decreased to about zero at maximum 1ift. The yawing moment due to rolling
reversed 1ts sign at a 1ift coefficient of about 0.7, so that at high
1ift- coefficients the derivative Cnp might be regarded as favorable

rather than unfavorable as 1s normally expected. A positive value of Cnp

can have an important effect on controllability at high 1ift coefficients.
Free-flight-tunnel tests of models with positive values of Cnp have

indicated that the favorable yaw makes 1t possible to obtaln good lateral
flying characteristics without the necessity of coordinating the rudder
.with alleron control.

The deviations of the experimental data from the initial slopes
probably result from tip etalling since rolling- and yawing-moment deriva-
tives are affected primarily by flow conditions at the tipa. An indi- o

C

catlon of partial stalling 1s given by the rise in the quantity Cp - ﬁ%f

which represents that part of the wing drag which is not ldeally associ-
ated with 1ift. For convenlence, this quantity will be referred to as
the "drag index." For the case of a sweptback wing without devices
which tend to delay stalling at the wing tips, such as vanes, leading-
edge flaps, or slots, the drag index 1s found to rise at about the 1lift
coefficient at which the derivatives CIB’ Clr, and Cnp begin to

deviate from the trends established at low 1ift coefficlents. When devices
which delay tip stalling are used, the drag index may not be a true indi-
cation of variations in derivatlves, however, for it may rise because of
separation of flow from inboard parts of the wing which would not greatly
affect the rolling- and yawing-moment derivatives. For plaln sweptback
wings, however, 1t appears that the drag index might serve as a basis
for predicting the 1lift-coefficlent range over which the calculated
characterlistics might be expected to apply under specific conditions.
An important application of the drag-index concept 1s in the prediction
of Reynolds number effecte on derlvatives such as Cnp and C; which
T



NACA RM No. L8A28e ' 9

can be determined only with special equipment which normally is not
avallable in wind tunnels capable of meking tests at high Reynolds numbera.

Effects of Reynolds Number and Wing Roughnesa

Figure 9 shows the effects of Reynolds number and of wing roughness
on the effective-dihedral derivative -Cza and on the drag index for

a 40° sweptback wing with an NACA 64,-112 airfoil section. These results,

taken from reference 16, are from tests made. in the langley 19-foot pressure
tunnel. Large effects of Reynolds number were noted when the wing surface
was smooth; for example, at a Reynolds number of 5,300,000, the

derivative -CZB increased linearly with 11ft coefficient almost until

maximum 11ft was attained, and the drag index showed very little change
with 1lift coefficient. At a Reynolds number of 1,720,000, however, the
derivative -CZB began to deviate from its initial trend at a 1ift

“coefficient of about 0.5, and the drag index showed an abrupt rise at the _

gsame 1ift coefficlent. Results obtalned at a high Reynolds number for
the wing with roughness at the. leading edge were very similar to results
obtained at a low Reynolds number for the wing with a smooth surface.
The drag index again indicates the presence of tip stalling for the latter
two cases but 1little or no stalling for the smooth wing at a high Reynolds
number. It might be expected therefore that initial trends of the
derivatives C and C; also would persist to a high 1ift coefficlent
r ,

“p

for the case of the smooth wing at a high Reynolds number.

Effect of Wing Profile and Flaps

The shape of the wing profile may, under soms conditions, have large
effects on lateral stability characterlstics. Figure 10 shows comparisons
of results obtalned on the effective-dihedral derivative 'CZ for smooth

B
wings having NACA 6&1-112 and circular-arc alrfoll sections. The tests

(reference 17) were made at.a Reynolds number of 5,300,000, which 1s the
higher of the two values referred to in the preceding figure. With flaps
off, the curve for the NACA 6Lq-112 airfoll is the same as that glven

before. The values of -CZB for the circular-arc airfoil begin to

deviate from their initial trend at a very low 1lift coefficient, probadly
because the tendency of sweptback wings to stall at the tips is aggra-
vated through the use of an airfoil with a sharp leading edge. With
leading-edge and tralling-edge flaps deflected, the derivative -CzB

continued to increase almost linearly with 1ift coefficient until maximum
1ift was approached, regardlese of the ailrfoil section. It appears that
the wing characteristics are determined largely by the contour of the
leading-edge flap and that the basic airfoll section has very little



10 NACA RM No. L8A28e

influence when the leading-edge flap 18 deflected. Since the leading-
edge flap tends to delay tip stalling, 1t 1s probable that the
derivatives Cnp and Cy; also would show trends similar to that

r

indicated for -CIB.

Effect of Fuselage and Tall Surfaces

The discussion glven so far has dealt largely with the more important
oeffects of sweep on characteristics that are of particular interest at
low speeds. In the design of a complete alrplane, additional factors,
such as the effects of the fuselage, or the size and locatlion of the tail
surfaces, must be considered. Experience has indicated that the effects
of these additlional factors on the various rotary-stability derivatives
and on the effective-dihedral derivative -C-LB can be accounted for in

much the same manner that has been used for conventional-aircraft designs.
Particular attention should be paid, however, to the possible adverse
effect of swept wings on directional stabllity near maximum 1ift. It

is not yet possible to select with any degree of certainty a configuration
that will have satlisfactory directional-gtability characteristics at all
1ift coefflclents, but 1t generally has been possible to correct an
undesirable condition in the course of wind-tunnel development tests.

N

Effect of Mach Number

Very little theoretical or experimental information regarding
subsonic compressibility effects on the lateral-stabllity derivatives
is avallable at the present time. Results of tests made on one model in
the Langley high-speed 7- by 10-foot tunnel (unpublished data) are shown
in figure 11. The tests 1ncluded determinations of the derivatives Cnﬂ’

-CZB, and Clp through a range of Mach number. The model configuration

used in the determination of C, was elightly>d1fferent from that used
o : P

in the determinations of Cnb and -CIB. The compressibility effecte

on thege derivatlves were found to be very small for Mach numbers
‘below 0.82. At higher Mach numbers, the directional-stability
derivative CnB increased, probably because, with the model in sldeslip,

the critical Mach number of the leading-wing panel was exceeded and,
consequently, the drag of the leading-wing panel increased. At an angle
of attack of 6° the effective-dihedral derivative -CZB decreased as

the Mach number exceeded 0.82. This reduction in effective dihedral
probably results from a loss 1n 1ift on the leading-wing panel as 1ts
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critical Mach number is exceeded. The damping-in-roll derivative Czp
showed no abrupt change through the test range of Mach number.

The problem of lateral behavior at transonic speeds, extending
through a Mach number of 1.0, is now belng investigated by means of free-
flight rocket models, but results are not yet available. Several theo~
retical investigations which apply to Mach numbers of about 1.2 and
above have been completed or are 1n progress. The case of the supersonic
derivatives of triangular wings already has been covered rather completely
in an unpublished analysis. The methods used in this analysis are now
being extended to 'notched" triangles, or swept wings with zero taper
ratio. Investigations of unswept rectangular wings also are under way.

CONCLUDING REMARKS

In summarizing, it might be said that progress 1s being made in the
determination of the stabllity derivatives for swept- and low-aspect- _
ratlo alrplane configurations; and it appears that the lateral stability
characteristices of high-speed alrplanes can, at least qualitatively, be
predicted by the use of the proper stability derivatives with existing
theoretlical methods.

Langley Memorlal Aeronautical Laboratory
National Advisory Committee for Aeronautics
Langley Field, Va.
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Figure 1.- Stability chart for a general research model tested in the
Langley free-flight tunnel (Cy = 1.0).
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Figure 2.- Effect of damping in roll on the lateral stability of a high-
speed airplane (Cy = 1.0).
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Figure 4.- Effect on the lateral stability of the change in mass
distribution caused by adding wing-tip tanks (Cp, = 0.7).
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Figure 5.- Time histories of the lateral oscillations of a conventional
attack airplane.
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Figure 6.- Period and damping of the lateral oscillation and calculated
rudder-free stability boundary for conventional attack airplane.
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Figure 7.- Lateral-stability derivatives calculated by approximate
theory for swept wings with taper ratio of 0.5.
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Figure 8.- Comparison of experimental and calculated lateral-stability
derivatives.
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Figure 9.- Effect of Reynolds number and wing roughness on rolling
moment due to sideslip.
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Figure 10.- Effect of ajrfoil section and flaps on rolling moment due

to sideslip.
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Figure 11.- Effect of Mach number on lateral-stability derivatives.
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