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A STUDY OF THE PROBLEM OF DESIGNING AIRPLANES WITH SATISFACTORY INHERENT
DAMPING OF THE DUTCH ROLL OSCILLATION'!

By Jomn P. CampeELL and Marion O. McKinney, Jr.

SUMMARY

Considerable interest has recently been shown in means of
obtaining satisfactory stability of the Duich roll oscillation for
modern high-performance airplanes without resort to compli-
cated artificial stabilizing devices.
lem 18 to lay out the airplane in the earliest stages of design so
that it will have the greatest practicable inherent stability of the
lateral oscillation. The present report presents some prelimi-
nary resulls of a theoretical analysis to determine the design
Jfeatures that appear most promising in providing adequate
inherent stability. These preliminary results cover the case of
fighter airplanes at subsonic speeds.

The investigation indicated that it is possible to design fighter
airplanes to have substantially better inherent stability than
most current designs. Since the use of low-aspect-ratio swept-
back wings is largely responsible for poor Dulch roll stability,
it is important to design the airplane with the mazimum aspect
ratio and minimum sweep that will permit attainment of the
desired performance. The radius of gyration in roll should be
kept as low as possible and the nose-up inclination of the
principal longitudinal axis of inertia should be made as great
as practicable.

INTRODUCTION

The problem of obtaining satisfactory stability of the
Dutch roll oscillation is especially difficult for jet-propelled
swept-wing airplanes designed for operation at high speeds
and altitudes. The present trend is toward the use of
artificial stabilizing devices to provide satisfactory stability
since it is usually not possible to modify an existing airplane
to provide satisfactory inherent stability. One of the
fundamental reasons for the poor inherent stability seems to
be that very little consideration is given to dynamic stability
in the early stages of design; that is, the basic design of the
airplane is determined from other considerations and at-
tempts are made later to improve the dynamic stability by
the minor changes in configuration which are then permis-
sible in the design. If such a procedure is continued, all
airplanes of this type will probably require artificial sta.bi—
lizing devices. The armed services and some airplane
manufacturers are becoming increasingly concerned over

One approach to this prob-

the necessity for using these devices which increase the
weight, complexity, and cost of the airplanes. The fact that
the use of these devices increases the maintenance problem
has been of particular concern to the services.

This concern has led to an increasing interest in means of
obtaining satisfactory stability without resort to complicated
artificial stabilizing devices. Various methods for accom-
plishing this aim have been proposed, the most fundamental
and perhaps the most promising of which is to alter present
design procedures to the extent of giving much more con-
sideration in the early stages of design to features which will
lead to better dynamic stability. A study is being made by
the National Advisory Committee for Aeronautics to de-
termine the design features which appear most promising in
this respect. Some preliminary results of this investigation
are included in the present report which covers the case of
fighter airplanes at subsonic speeds. The period and damp-
ing are the only characteristics of the Dutch roll oscillation
considered in detail in the present report.

As a preliminary to the investigation of means of providing
inherent stability, a study of the basic causes of the poor
stability of modern high-performance fighter airplanes was
made. This study included consideration of the effects of
increasing relative density and use of sweepback and low
aspect ratio. Since the effects of sweep and aspect ratio
have not been fully understood because no systematic inves-
tigation of their effects has been made, the effects of these
factors were analyzed in considerable detail. The results of
this analysis are also included in this report.

SYMBOLS

All forces and moments are referred to the stability system

of axes which is defined in figure 1.

weight of airplane, Ib

mass of airplane, slugs

wing area, sq ft .

wing span, ft

tail length (longitudinal distance from center
of pressure of the vertical tail to the center of

gravity), {t

! Bupersedes NACA TN 3035, “A Preliminary Study of the Problem of Designing High-Speed Afrplanes With Satlsiactory Inherent Damping of the Dutch Roll Osclllation” by John

P, Campbell and Marlon O. MeKinney, Jr., 1053,
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Reference axis

Wind direction

Wind direction

Azimuth reference
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Ficure 1.—The stability system of axes. Arrows indicate positive
directions of moments, forces, and angles. This system of axes is
defined as an orthogonal system having the origin at the center of
gravity and in which the Z-axis is in the plane of symmetry and per-
pendicular to the relative wind, the X-axis is in the plane of symmetry
and perpendicular to the Z-axis, and the Y-axis is perpendicular to
the plane of symmetry. At a constant angle of attack, these axes
are fixed in the airplane.

<= > P

Vs
M
h

Fx,

ks

0

Ry
Ezy=Fkz[b

tail height (vertical distance from center of
pressure of the vertical tail to the center of
gravity), ft

aspect ratio

sweepback of wing-quarter-chord line, deg

taper ratio

geometric dihedral angle, deg

true airspeed, ft/sec

equivalent lateral velocity, ft/sec

Mach number

pressure altitude, ft

radius of gyration about principal longitudinal
axis of inertia, ft

radius of gyration sbout principal normal axis
of inertia, ft

"

Kx radius-of-gyration factor about X-axis,
EKx cos? q-+Ez? sin® n
Kg radius-of-gyration factor about Z-axis,
Kz} cos® n+Exsin’ g
Kxz product-of-inertia factor, (Kz,*—Kx,") sin 7 cos 9
i relative-density factor, m/pSh
7 angle of attack of principal longitudinal axis of
inertia, deg

angle between principal longitudinal axis of
inertia and longitudinal body axis, dog

angle of attack of longitudinal body axis, deg

angle of bank, radians

angle of yaw, radians

angle of sideslip, radians

wing incidence, deg

air density, slugs/cu ft

rolling velocity, radians/sec

yawing velocity, radians/sec

dynamic pressure, Ib/sq ft

period of lateral oscillation, sec

time to damp to one-half amplitude, sec

lateral force, 1b

rolling moment, ft-1b

yawing moment, ft-1b

lift coefficient, Lift/gS

lateral-force coefficient, ¥ /¢S
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DESIGNING AIRPLANES WITH SATISFACTORY INHERENT DAMPING OF THE DUTCH ROLIL OSCILLATION

METHOD OF ANALYSIS

The period and time to damp to one-half amplitude of the
lateral oscillation were the only characteristics of the lateral
motion that were considered in the present analysis. These
quantities were calculated by the method presented in
reference 1. The period and damping requirements from the
Air Force and Navy flying-qualities specifications of refer-
onces 2 and 3 were used as a basis for evaluating the results.

BABIC CONFIGURATIONS STUDIED

In the study of the fundamental causes of the poor stability
of modern high-performance airplanes, five basic configura-
tions were considered:

Configuratfon swmdgg“k' Aspect ratio
1 0 8.0
2 2 45
3 15 30
4 P L5
5 0 3.0

These configurations are illustrated by sketches in figure 2
and details of the dimensional and mass characteristics are
given in table I. Configurations 2 to 4 were obtained by
sweeping back the wings of configuration 1 with appropriate
modifications to the tips. In sweeping the wings, the
quarter-chord point of the mean aerodynamic chord was
kept in the same longitudinal position relative to the body.
Although these configurations are part of a systematic
family, they are in general typical of present and proposed
designs. Configuration 5 was chosen because it represents
another trend in the design of high-speed airplanes and
bacause it provides interesting comparisons with two of the
other configurations. Comparison of configurations 1 and 5

shows the effect of aspect ratio at 0° sweep and comparison |

of configurations 3 and 5 shows the effect of sweep at aspect
ratio 3. The size of the airplanes was chosen so that the
span of the moderately swept wings was representative of
that of current fighter airplanes with swept wings.

All the configurations were assumed to have the same
fuselage except for minor modifications necessary to accom-
modate the different tail designs. The size and shape of the
fuselage were selected as being representative of many
current designs. )

The vertical tails for the various configurations had the
same value of Oyﬁm. At 0° angle of attack, the center of

pressure of the tail for all configurations was the same dis-
tance behind and above the center of gravity, which was
located at the quarter-chord point of the mean aerodynamic
chord.

All the configurations were assumed to have a wing loading
of 50 pounds per square foot. The principal longitudinal
axis of inertin was assumed to be inclined 2° nose down
relative to the longitudinal fuselage axis. These values were
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Configuration |
A=0% 4=-60

Configuration 2
A=30° A=45

L4
| 4

Gonfiguration 3
A=45°, A=30

Configuration 4
A=60° A4=15

Gonfiguration 5

A=0° 4=30
Ficure 2.—Basic configurations for which calculations were made.

selected as being representative of those of current fighter
airplanes,

The approximate magnitudes of the radii of gyration for
various sweep angles were first determined by averaging the
values for a number of current designs. A systematic varia-
tion of the radii of gyration with sweep that was in general
agreement with these actual values was then set up. This
systematic variation which is shown in figure 3 was based on
the assumption that the weight distribution along the wing
panels remained constant as the sweep of the panels was
varied. The assumed weight distribution of the panels was
determined from the average weight distribution of several
current swept-wing fighter airplanes for which detailed
weight data were available.
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Figurr 3.—Variation of mass parameters with sweepback.

FLIGHT CONDITIONS

The calculations for both the basic and modified configura-
tions were made for four conditions:

Condition h

=
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Conditions (a) and (d) were chosen to show the stability at
8 high subsonic speed at sea level and at an altitude of 50,000
feet and to show the effect of altitude at a constant Mach
number. A Mach number of 0.75 was chosen for these con-
ditions since that was considered about the highest value at
which subsonic stability derivatives could be expected to
apply for all configurations without compressibility correc-
tions. Condition (b) was chosen for direct comparison with
condition (d) to show the effect of altitude at constant lift
coefficient where the stability derivatives would be the same.
Condition (¢) was chdsen to show, the stability at moderately
high lift coefficients with flaps retracted. The lift coefficient
of 0.80 used for condition (¢) was assumed to represent the
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highest 1lift coefficient at which the theoretical variations of
the different stability derivatives with lift coefficient were
still valid. Above this lift coefficient, flow changes over the
wing, fuselage, and tail surfaces often cause the stability
derivatives to be greatly different from their theoretical
values. For airplanes with thin, highly swept wings or with
roughness on the wings, these flow changes might actually
occur at lift coefficients below 0.80, but for the purpose of
this generalized study it was assumed that the stability
derivatives of all configurations would follow theoretical
trends up to this lift coefficient. Comparison of conditions
(a) to (c¢) shows the effect of lift coefficient at constant
altitude.

All the calculations were made for the condition of level
flight at 1 g normal acceleration.

ESTIMATION OF DERIVATIVES

The estimation of the stability derivatives used in the
calculations was based on the methods presented in reference
1. Plots showing the variation of the derivatives with
sweepback and aspect ratio are shown in figures 4 to 6 for
the complete airplanes and for the vertical-tail-off condition.
The derivatives for the complete basic configurations are
also listed in table II. In some cases, particularly for the
wing-fuselage combinations, the estimations were based on
experimental data and require some explanation.

Sideslip derivatives,.—The value of Cy, for the vertical-
tail-off condition. was assumed to be constimt at o value of
~—0.229 per radian (Cry;=—0.004 per degree) for all con-
figurations and flight condltlons on the basis of experimental
data for & number of designs. These data showed no con-
sistent trend for the variation of this factor with sweepback
or lift coefficient. As pointed out previously, the vertical
tails for all the configurations were designed fo give the same
value of Oy, Since there was assumed to be no variation of

! Oyﬂ with angle of attack, the value of Oy, for the complete

a,u-pla,ne was the same for all configurations and flight
conditions.

Since the configurations were laid out as midwing designs,
the value of C,ﬁ , Was assumed to be simply the value of
C’,ﬁ . This value and the value of O’,ﬁ were determined
Erom “the charts and formulas presented in reference 1.

On the basis of experimental data the value of the factor
bChs for the vertical-tail-off condition was assumed to be
consta.nt for all configurations and flight conditions. The
magnitude of C,, therefore varied inversely with wing
span. The value of C’,.p was calculated from the value of
Oyﬁ by means of the formula, given. in reference 1.

Ro]ng derivatives.—The rolling derivatives O'Y » Or,, and.
C,, were determined by the methods described in reference
1 except that C’,, was assumed to be constant over the

lift-coefficient ra.nge at the value given by reference 1 for
the zerc-lift condition.



DEBIGNING ATRPLANES WITH SATISFACTORY INHERENT DAMPING OF THE DUTCH ROLL OSCILLATION 981

Configurations | to4  Configuration 5 ¢
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(a) Vertical tail off. (b) Complete airplane.
Fraure 4.—Variation of sideslip stability derivatives with sweepback
and lift coefficient.

Yawing derivatives.—The value of Cy, ,, Was assumed

to be zero for all configurations and conditions since experi-
mental data for many wings and wing-fuselage combinations
had shown no consistent variation of Cy, with configuration
or lift coefficient. The value of C’Y,W was calculated from
the formula presented in reference 1. The values of C; were
determined by the method of reference 1. A constant value
of the factor 5°C,, for the tail-off condition was assumed for
oll configurations and flight conditions on the basis of experi-
mental data on a number of configurations so that the mag-
nitude of O,rw o varied inversely with the square of the
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(a) Vertical tail off. (b) Complete airplane.

Figure 5.—Variation of rolling stability derivatives with sweepback
and lift coefficient.

wing span. These experimental date did not show consistent
trends in the variation with configuration or lift coefficient
and, since the value of b20"f¢¢n, , is small compared with
the value for the complete a.irpfa.ne, the assumption of a
constant value of b*C,, seemed reasonable. The value of
O,TW was calculated from the equation given in reference 1.

LIMITATIONS OF ANALYSIS

This report presents some preliminary results of a study
of the possibility of designing airplanes to have satisfactory
inherent dynamic lateral stability. As pointed out pre-
viously, these preliminary results cover only the case of
fighter airplanes at subsonic speeds and cover only the period
and damping of the lateral oscillation. The calculated
period and damping of the oscillation for the basic and
modified configurations are compared with the Air Force and
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FrgurB 6.—Variation of yawing stability derivatives with sweepback
and lift coefficient.

Navy period and damping requirements. The authors real-
ize that these requirements are not adequate in some cases
and that other factors, such as the ratio of roll to yaw, should
be considered in a comprehensive analysis, Although these

additional factors are not considered in detail in this pre-

liminary analysis, they are discussed briefly with regard to
the effects of some of the mass and aerodynamic parameters.

A few comments are required on the applicability of the
calculated data presented in this report to actual airplanes
of similar configuration before these results are discussed in
detail. The reader should bear in mind that small changes
in some of the important stability derivatives can have a
significant effect on dynamic stability and that such changes
might result unpredictably from apparently minor changes
in design. These calculations are intended to show the gen-
eral trends in the effects of the various design factors covered
and are not intended for use in predicting the stability of
specific airplane designs which are superficially similar to
these configurations.
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One reason that the stability of these hypothetical con-
figurations might be very different from the stability of actual
airplanes is that the theoretical values of the wing contribu-
tions to the stability derivatives were assumed to be accurate -
for the entire range of lift coefficients covered by the calcula-
tions (Cr=0.06 to 0.80). Actually, this assumption may
be far from correct at the higher lift coefficients for airplanes
of practical construction, particularly for those having thin,
highly swept wings. There is evidence from experimental
date on such designs that the values of the derivatives O,
Cy,, and C; may diverge from the theoretical variation wit.
lift coefficient at moderate lift coefficients (C, near 0.4) and
be greatly different—perhaps even have a different sign—
at a lift coefficient of 0.8. .

RESULTS AND DISCUSSION
CAUSES OF INADEQUATE DUTCH ROLL STABILITY

The causes of the poor dynamic lateral stability of modern
high-performance figchter airplanes must be established before
& reasonable approach can be made to the problem of design-
ing such airplanes to have satisfactory inherent stability.
The first part of the present analysis therefore treats the
stability of the series of basic configurations which are repre-
sentative of present-day airplane designs with emphasis on
the determination of the reasons that the dynamic lateral
stability of these airplanes is generally worse than that of
World War II fighter airplanes which had lower relative
density, less sweep, and higher aspect ratio. The results of
the calculations made for this part of the analysis are pre-
sented in tables IT and I and figures 7 to 9.

Effect of sweepback and aspect ratio.—The data of figure
7 show that at the low lift coefficient (C,=0.06) the period
snd damping were about the same for all the configurations.
At the higher lift coefficients, however, the damping became
worse and the period beceme shorter as the sweepback was
increased and the aspect ratio reduced simultaneously in the
manner representative of present-day design practice (con-
figurations 1 to 4). Comparison of the data for configura-
tions 1, 3, and 5 shows that both of these factors were respon-
sible for this reduction in stability. There was some reduc-
tion. in stability when the aspect ratio alone was reduced
(configurations 1 and 5) and there was a greater reduction
when sweepback salone was increased- (configurations 3
and 5). :

Examination of figures 3 to 6 gives some indication of the
causes of the detrimental effects of increasing sweepback and
reducing aspect ratio on dynamic stability. These figures
show that, of the mass parameters and stability derivatives
which generally have an important effect on dynamic stabil-
ity, the values of p, Kx, Ky, Ci, O, and C,, are changed.
in the adverse direction by sweepback for configurations 1 to
4, whereas the values of Uy, and C,, are changed in the favor-
able direction. These figures also show that the same effects
are caused, but to a lesser degree, by a reduction in aspect
ratio (configurations 1 and 5). The changes in the mass
parameters and C,, and C,, are almost entirely caused by the



DESIGNING AIRPLANES WITH SATISFACTORY INHERENT DAMPING OF THE DUTCH ROLL OSCILLATION 983

hffO O 0 50000

M 075 027 020 075

G 006 046 080 046 Gonfiguraion A,deg A4
‘o o

o [ | 0 60
o U o = 2 30 45
o R o * 3 45" 30
A x & A 4 60 15
v & L3 v 5 0 30
o]
-2
..4 T
§ e \
b
-8

-2 T2
} J.- -17.04
i ’,,--71.17
--135.59
} " L f1e98 ?f’
i T-diz7s j’
4
. y,f
10 7
6 [y
[/ [
% e AAES2
2 4 /°
4 Vidy.aum!
/?'
2 /(Li/
....... T
0 I 2 3 4’ 5 6 7
P sec

Fraurs 7.—Stability of basic configurations. Hatched boundary is
period-damping requirement of references 2 and 3.
308665—006——63

reduction in the span on which the nondimensional form of
these factors is based; the changes in O are caused by the
change in aspect ratio; the changes in C,_are caused by the
changes in sweep and in the span on which the coefficient is
based; and the changes in (), are caused by the change in
sweep, aspect ratio, and the span on which the coefficient is
based.

Effect of mass parameters and individual stability deriv-
atives,—Figure 8 and table IIT present the results of calcu-
lations made to determine whether the mass parameters or
any of the stability derivatives discussed in the preceding
paragraph were predominantly responsible for the decrease
in stability as sweepback was increased and aspect ratio
reduced. These calculations were made for only the high-
aspect-ratio, unswept and the 45° swept-wing configurations
(configurations 1 and 3). Although only one flight condition
was considered (0;,=0.46; A=0 ft), the results obteined
are believed to be indicative, at least at moderate and high
lift coefficients, of the effect of independently changing the
mass parameters or the individual stability derivatives for
one of these configurations to the values for the other con-
figuration. The results of these calculations show that,
when either the mass parameters or one of the stability deriv-
atives Cy,, Cy,, or Cy, for configuration 3 was changed to the
value for configuration 1, the stability of configuration 3
became almost as good as that of configuration 1. When
the value of one of these factors for configuration 1 was
changed to the value for configuration 3, the stability did not
generally become much worse. It is clearly evident from
these results that it is very difficult to generalize on the effects
of these stability parameters. No one factor.is the cause of
the reduction in stability as the sweep is increased and aspect
ratio reduced. Changes in any one of several derivatives,
however, resulted in substantial improvements in the stabil-
ity of the swept-wing configuration.

Some of the data in figure 8 can be used to illustrate why
the elimination of the propeller makes the stability of jet
airplanes worse than that of propeller-driven airplanes. Ex-
perimental data have shown that the propeller provides a
substantial increase in damping in yaw —C,, and, in many
cases, & reduction in static directional stability C’,,ﬁ. The
results of figure 8 show that for the unswept configuration
both of these changes provide an improvement in the period-
damping relationship (that is, & reduction in time to damp

"and an increase in period).

Effect of relative-density factor.—The relative-density
factor of modern high-performance fighter airplanes is gen-
erally greater than that of older types because of increases in
wing loading and operational altitude and because of the
use of low-aspect-ratio wings. The effect of increasing the
relative-density factor on stability can be seen in figure 7 by
a comparison of the sea-level and altitude conditions. These
results show that an increase in altitude had a detrimental
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Figurs 8.—Efect o;' the differences in mass parameters and individual

stability derivatives on stability of configurations 1 and 3. Cr=0.46;

h=0 feet.

effect on the stability of all configurations when compared at
a ‘constant Mach number (34=0.75). An increase in alti-
tude at & constant lift coefficient also had a detrimental effect
for all configurations except configuration 4 where the air-
plane was unstable at sea level. This effect of increasing u
for a configuration which is unstable would generally be
expected since an airplane is neutrally stable when the
relative-density factor is infinite. This result is illustrated in
figure 9. Figure 9 (a) which was taken from the data of
table 11 shows that neutral stability és approached as u is
1

. . 1
increased. The data are presented in terms of T and 7

. 1. . . . .
since 7 is & direct measure of damping and since for a one-
12
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Ficure 9.—Variation of damping with relative-density factor.
Cr=0.46.

degree-of-freedom oscillation the vﬂue of 7,11—/2 would vary

directly with the value of —1—-# The three-degree-of-freedom

i
data of figure 9 (a) appear as straight lines since only two
points (the end points of these lines) were available from the
calculations. These end points were teken from the 0- and
50,000-foot-altitude conditions at a lift coefficient 0.46. The

fact that % does not necessearily vary directly with ‘/—11‘. for a
1

three-degree-of-freedom motion, however, is illustrated in
figure 9 (b) where the variation is shown for an extended
range of p for configurations 1 and 4 and for another configu-
ration indicated as airplane A. The results for airplane A

were included to show that this nonlinear variation of 'TIT/,
. 1
with Vi
of u below the normal range are considered, can occur in the
range of normal values of u for some airplanes.

s> which shows up for configuration 4 only when values
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MEANS OF IMPROVING DUTCH ROLL STABILITY

On the basis of the preceding results regarding the causes
of inadequate Dutch roll stability, an analysis has been
carried out to determine means of improving this stability.

Factors that can be changed.—If it is assumed that the
wing loading is determined from performance considerations,
there are three mass factors that can be changed to improve
dynamic lateral stability—the inclination of the principal
axis of inertia, the radius of gyration in roll, and the radius
of gyration in yaw. An increase in the nose-upward inclina-
tion of the principal axis of inertia increases the beneficial
effect of the product of inertia as described in references 4
and 5. A reduction in the radius of gyration in roll is bene-
ficial, particularly when the principal axis is inclined nose
upward. Changing the radius of gyration in yaw might or
might not have a beneficial effect on the stability depending
upon many related factors, the inclination of the principal
axis of inertia in particular. If the principal axis is inclined
nose up relative to the stability axis, increasing the radius of
gyration in yaw might be beneficial since the favorable
product-of-inertia effect would tend to offset the normally
adverse effect of increasing the radius of gyration.

Five of the aerodynamic stability derivatives generally
have an important effect on dynamic lateral stability:
Cig O Gy, Cn, and C,,. The derivative C) can easily
be changedﬂ independently of the others by varying the
geometric dihedral. The derivatives C;, and C, , however,
cannot be changed appreciably by geometric changes other
than major changes in the wing plan form. The two deriva-~
tives C,; and C, can be changed simultaneously by varying
the size of the vertical tail but they cannot conveniently be
varied an appreciable amount independently of each other.
The changes in stability that result from varying these
derivatives simultaneously by changing the tail size tend to
offset each other. An increase in tail size increases —C,,
and thereby increases the damping but the accompanying
increase in (,, reduces the period. On a plot such as
figure 7, this simultaneous reduction in time to damp and
period tends to shift a point parallel to the period-damping
boundary given by the flying-qualities requirements for
periods greater than 2 seconds. The effect of changing the
size of the vertical tail should be studied for any particular
design, however, since it offers possibilities for improving
stability in some cases.

Modifications considered.—In the study of means of im-
proving the Dutch roll stability of modern high-speed
fighter airplanes, configurations 3 and 5 were chosen as
basic configurations from which to work since they were
considered representative of proposed high-speed designs.

Tive modifications to each of these basic airplanes were’

considered:
(1) Kx, reduced to 0.65 times the basic value
(2) Kz, increased to 1.41 times the basic value
(3) Kz, increased and Kx, reduced simultaneously to
1.25 and 0.65 times the basic values, respec-
tively
(4) 1, changed from 0° to —5°
(5) T adjusted to give zero O, at a lift coefficient of 0.06
These changes were considered separately and in various
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(a) Basic mass characteristics. (b) Reduced Kx,,
(¢) Increased Kz, (d) Reduced Kx, and increased Kg,,

Figure 10.—Stability of modified configuration derived from con-
figuration 3.

combinations. The modifications should not be considered
as practicable changes that can be made to improve the
stability of an existing airplane. They are intended only
to show what factors should be considered in the early
design stages and to illustrate the improvements in inherent
stability that can be obtained by designing for stability.
The results of the calculations made for this part of the
analysis are presented in table IV and figures 10 and 11.

Effect of radii of gyration.—The designer is concerned with
the radii of gyration. about axes which are fixed in the air-
plane and approximately coincide with the body and wing
axes. For this reason the modified configurations were
established by changing the radius-of-gyration factors about
the principal axes of inertia Ky, and Kz. The radii of
gyration used in equations of motion in stability work,
however, are usually referred -to the stability axes. The
effects of the changes in Kz and Ky, are therefore analyzed
in terms of the effects of Ky, Kz, and Kxz.

The magnitudes of the changes in Ky, and Kz, assumed for
the modified configurations were determined from the follow-
ing considerations. In order to obtain the maximum bene-
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Figure 11.—Stability of modified configuration derived from con-
figuration 5.

ficial effect from the inertia changes, the value of Kx, was
made as small as practicable. A study of moments of
inertia of & number of current and proposed designs indicated
that a value of Kx, of 0.0100 (0.65 times the basic value of
0.0154) was probably the minimum value that could be
obtained on a practical airplane. The determination of
the value of K, for the modified configuration was not so
straightforward because the direction in which K should
be changed to give a beneficial effect is not always the same.
Since increasing Kz, is generally beneficial from an overall
standpoint, however, only increases were considered in this
analysis. Since there is no definite maximum value to which
Kj, can be increased, two relatively large values (1.25 and
141 times the basic value) were chosen to illustrate the
effect of varying K. These values are in line with the
general trend toward increased Kz, which results from the
use of very long fuselages in the latest designs.
A reduction in the radius-of-gyration factor in roll Kx;

improved the stability in almost every case for both con-
figurations 3 and 5 as shown in figures 10 and 11. The only
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exceptions were the two cases in which Ky, was reduced for
the basic configurations at a lift coefficient of 0.06. In these
cases the principal axis was inclined nose down relative to
the stability axes so that the effect of the product of inertia
was unfavorable, and evidently the adverse effect of increas-
ing the product-of-inertia factor was greater than the
favorable effect of reducing Kx.

There was no consistent effect of increasing the radius-of-
gyration factor in yaw Kz alone either for configuration 3 or
configuration 5. As shown in figures 10 and 11 there.was
generally an adverse effect of increasing K, for the low lift
coefficients and a favorable effect at the high lift coefficients.
This result can be explained by the following reasoning: At
low angles of dttack the increase in the product-of-inertia
factor Ky which resulted from an increase in Kz, caused
either a small favorable or unfavorable effect depending on
the inclination of the principal axis, but in neither case did
this effect offset the adverse effect of increasing the value of
Ky. At high angles of attack the effect of the product-of-
inertia factor was always favorable and was generally
greater than the adverse effect of the greater value of (.

When Ky, was reduced and Kz, was increased simul-
taneously, the stability at the moderate and high angles of
attack was even better than it was when Ky, was reduced by
itself. At the low angle of attack, however, the stability was
worse than it was for the basic configuration or the configura-
tion with reduced Kx,. This result isillustrated in figures 10
and 11 for both configurations 3 and 5. This simultaneous
change in both the radii of gyration seems somewhat better
than a reduction in Ky alone since it is more effective for the
high-altitude condition and since the adverse effect on the
stability at the low angle of attack can be counteracted by
other means as is shown subsequently.

Effect of inclination of principal axis.—There are a number
of ways that the inclination of the principal axis relative to
the stability axis can be changed by changing the design of
an airplane. A simple change in wing incidence was the
method considered in the present analysis. The sketch of
figure 12 illustrates another way in which it can be done.
This figure shows the profile of a configuration in which the
weight in the rear of the airplane is kept as low as practicable. .

Principal axis

—_——

Reference oxis

(0)

Reference oxis

, L

Prncipal ods i
(2) Modified design.

(b) Configuration 3.
Freure 12.—Illustration of profile of an airplane designed to have pos-

jtive inclination of the principal longitudinal axis of inertia and
comparison with profile of configuration 3 which is representative

of many designs.
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The engine is Jocated low in the rear of the airplane behind
an underslung inlet and the horizontal tail is mounted low
at the rear of the fuselage. The forward part of the fuselage
is located as high as possible without increasing the frontal
area of the fuselage. The midsection of the fuselage has a
narrow oval cross section about the same width as the engine
so that this distribution of the weight in the fuselage can be
accomplished without increasing the frontal area of the fuse-
lage. The profile of configuration 3, which is representative
of a current trend in design, is shown in figure 12 for com-
parison. The modified design would have a principal-axis
inclination ¢ of 2° or 3° nose up relative to the wing chord
instead of 2° or 3° nose down as would be the case for an
airplane of the type represented by configuration 3. This
would give a change in the inclination of the principal axis
of inertia of about 5° which is the same as would be obtained
with the simple 5° change in wing incidence assumed in the
calculations for the modified configurations. The method of
changing the inclination in this analysis is not important
except that it indicates how the tail contributions to the
stability derivatives were changed.

The results presented in figures 10 and 11 show that the
use of 5° negative wing incidence to increase the nose-up
inclination of the principal axis had either a favorable effect
or no significant effect on the lateral stability for all the
radius-of-gyration and dihedral conditions covered in the
calculations. The favorable effect of negative wing incidence
was particularly significant at the low-lift-coefficient con-
dition (C,=0.06) where it made all the conditions satisfactory
which were otherwise marginal or unsatisfactory.

Effect of dihedral.—The amount of negative geometric
dihedral covered in the calculations was limited to the
amount required to give zero effective dihedral (C;,=0) at
the low-lift-coefficient condition since the use of greater
negative geometric dihedral would probably make the air-
plane uncomfortable to fly at the low angles of attack where
the effective dihedral would be negative.

The eflect of negative geometric dihedral is shown by
figures 10 and 11 to vary from g slight favorable effect to no
significant effect at the moderate and high lift coefficients.
In many of these cases the use of negative dihedral caused
the time to damp to increase but, because of the accompany-
ing increase in period, the stability did not appear to become
less satisfactory with respect to the flying-qualities damping
requirement indicated by the boundaries in figures 10 and
11. At the low lift coefficients the use of negative geometric
dihedral had a favorable effect when the wing incidence was
0° and an adverse effect when the wing incidence was —5°.
The conditions under which varying the dihedral can be
expected to have a favorable effect on stability can be
determined from the expression

2OLKZ K‘:z

pK_

as explained in reference 6. Negative values of this quantity
indicate that the use of negative geometric dihedral will
reduce the time to damp for the oscillation. This test will
not work in every case, however, since its derivation involved
o number of simplifications and generalizations. Examina-

‘made as favorable as possible.

tion of the expression shows that the sum of the first two
terms will almost alwa.ys be negative since C,, is usually
negative and —2C.K,® is always negative. Since C,

always negative for practlcal flight conditions and Kt is

_always positive, the sign of the third term will always be

the same as the sign of Kx;. When Ky is positive and of
relatively large magnitude (that is, when the principal axis
of inertia is inclined nose up relative to the flight path) and
the value of Ky is low, the third term will have a large
positive value which will usually mean that the effect of
using negative dihedral will be unfavorable. Since these
mass characteristics (large positive value of Kyz and small
value of Kx) are desirable from the standpoint of oscillatory
stability, the use of negative dihedral may be unfavorable
for a design in which the mass characteristics have been
The effect of dihedral angle,
however, should be studied for each particular airplane
configuration.

Effect of modifications on roll-to-yaw ratio and control.—
It has been fairly well established that a pilot’s opinion of
the acceptability of a lateral oscillation is influenced by
the ratio of roll to yaw which has been expressed in terms
of ¢/¢, ¢/B, and ¢/v. by various investigators. Although
no definite requirement has been generally accepted, it
seems ovident that increasing the ratio of roll to yaw
makes the lateral oscillation more objectionable. Some of
the modifications covered in the present study which im-
proved the stability from the standpoint of the present Air
Force and Navy flying-qualities requirement would have an
adverse effect from the standpoint of roll-to-yaw ratio.
Either reductions in the rolling radius of gyration K\—o or in-
creases in the yawing radius of gyration Kz would increase
the ratio of roll to yaw. On the other hand, the use of
negative geometric dihedral would reduce the ratio of roll
to yaw. Whether or not reasonable changes in the radii
of gyration or dihedral would have a large effect on the
ﬂying qualities because of their effect on the ratio of roll to

_yaw is & subject for further study.

Another factor to be considered is the effect of the modi-
fications on the adverse yaw caused by a rolling acceleration
and consequently on the adverse rolling moments caused by
the adverse yaw. Anincrease in the nose-upward inclination
of the principal axes will cause an increase in the adverse
yaw in rolls.

APPLICATION OF RESULTS TO ACTUAL AIRPLANES

The foregoing analysis has brought out a number of factors
that should be considered in desighing an airplane so that

- it will have the best inherent stability that it is practicable

to obtain. Some of these factors will probably conflict
with factors that appear desirable from some other stand-
point. It is up to the designer in any particular case, then,
to weigh all the facts and decide on the relative merits of
these design features for his particular application. The
application of the results of the analysis to the problem of
designing airplanes so that they will have satisfactory in-
herent dynamic lateral stability is discussed in the following
paragraphs.

Wing plan form.—One of the principal facts brought out
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by this analysis is that the use of low-aspect-ratio and swept-
back wings has & very detrimental effect on dynamic lateral
stability. Within the limits permitted by high-speed
performance requirements, the use of unswept wings of
higher aspect ratio (about 6) is very desirable. The next
most desirable wings appear to be an unswept wing of low
aspect ratio similar to that of configuration 5 or a wing of
moderate sweep similar to that of configuration 2.

Radii of gyration.—It also appears highly desirable to keep
the radius-of-gyration factor in roll Kx, as low as possible.
This feature appears particularly importent if a highly
swept wing is used. For example, it appeared to be im-
possible to make configuration 3 satisfactory unless Kx,
were reduced. The use of a longer fuselage to accommodate
items normally located in the wings might be slightly
beneficial if the principal axis of inertia is inclined nose up-
relative to the flight path.

Inclination of principal axis of inertia.—The inclination of
the principal axis of inertia is also a very important factor,
particularly for obtaining satisfactory stability at low angles
of attack. For this reason the use of high horizontal tails
and vertical tails located on a boom over the jet exit are
definitely undesirable from the standpoint of dynamic sta-
bility. Every effort should be made to design the airplane
to take advantage of the large favorable effect of a more
nose-up inclination of the principal axis by designing the
airplane so that the weight forward is located high and the
weight rearward is located low relative to the wing chord
plane.

Dihedral and tail area.—The use of a reasonable amount of
negative geometric dihedral would probably not have a
large effect on the dynamic lateral stability but this modifi-
cation should be considered since it may improve the stability
in some cases and may also be helpful by reducing the adverse
rolling moments which result from adverse yaw in an aileron
roll. The effect of dihedral should be investigated for each
airplane design. Similarly the effect of vertical-tail area is
not immediately obvious and should be investigated for each
particular design in an effort to determine the optimum size
from considerations of both stability and control.

CONCLUSIONS

On the basis of the present theoretical analysis to deter-
mine the design features that appear most promising in pro-
viding inherent Dutch roll stability, the following con-
clusions were drawn for the case of fighter airplanes at
subsonic speeds:

1. The stability of the Dutch roll oscillation of modern
high-speed fighter airplanes is less satisfactory than that of .
older types of fighter airplanes such as those used in World
War II because of the use of low-aspect-ratio sweptback
wings and because of the higher wing loadings and operating
altitudes. The unfavorable effect of the use of low-aspect-
ratio sweptback wings was caused mainly by the increase in
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the relative density u, the effective dibedral —C,, and the
yawing moment due to rolling —C, , and the decrease in the
demping in roll —(Cy, which resulted from the change from
the older type of unswept wings of higher aspect ratio.

2. It is possible to design high-performance fighter air-
planes to have substantially better inherent stability of the
Dutch roll oscillation than that of most current fighter de-
signs. It is important to design the airplane with the maxi-
mum aspect ratio and minimum sweep that will permit
attainment of the desired performance. For a given con-
figuration the radius of gyration in roll should be kept as low
as possible and the nose-up inclination of the principal longi-
tudinal axis of inertia should be made as great as practicable.
The optimum dihedral angle and vertical-tail area should be
selected on the basis of a study of the stability and control
of the particular airplane design.

LANGLEY AERONAUTICAL LLABORATORY,

NATIoNAL ApvisoRY COMMITTEE FOR AERONATUTICS,
LawcrLeY FieLD, VA., August 19, 19563.
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TABLE 1
DIMENSIONAL AND MASS CHARACTERISTICS OF BASIC
CONFIGURATIONS
Configuration 1 2 3 4 5
08 45 60 0
ﬁ'.deg o 6.8 32 3.0 1.6 3.0
X 05 0.5 0.5 0.5 0.5
51 50,0 43.4 35,4 25.0 35,4
8, sqft .o lLTIIITTIT 417 417 417 417 417
Vertical tail
A, deg 0 30 45 60 0
Al 1.64 1.50 1.36 117 1.64
X 0.5 0.5 0.5 0.5 0.5
T A 455 50.1 55.0 (Y1 48,5
EI) PR TS 24.5 2.5 24.5 245 24.5
£ Yot (I 7.2 7.2 7.2 7.3 7.2
20,833 | 20,833 | 20,833 | 20,833
50 50 50 50
15.0 18.4 20,0 18.4
0.1448 | 0.1540 | 0.1703 | 0.1840
0.272 | 0320 | 0435 | 0318
-2 -2 —2 -2




TABLE O

CONDITIONS FOR WHICH CALCULATIONS WERE MADE, DERIVATIVES USED IN CALCULATIONS, AND RESULTS OF CALCULATIONS FOR BASIC
CONFIGURATIONS -

[Tm%; { m0]
Flight conditions Mnzs parnmoters Atahllity dertvatives BResulty
. Oscillntory
Configuration d{‘é A Aportodic modo
A, ft M | On |adog| qdeg | g Kxt K Krz Cr, Ciy Cuy O, a, Cs, Cr, ca, Ca,
Ty '7'}‘, P, Thiy
880 e sco 0
1 [N ] dlavd (oa0d)] 71| —L20| 13 0.0108 | 0.0563 | —0.00000 | —0. 4630 | ~0L (3353 | 00808 | 0.0118 | —0. 4110 | —0.0040 | 0. 2278 | 0. (4 | —0L 1388 8830 [0.1015 | 1.037 1,483
0l .7 48 541 341 18 . . 0501 L0/ [ —.d000 | — 200 | L0890 | .ODOE | —. 4008 | —. (0358 | .2370 1163 | —. 1338 —401 | .284 | 4347 3020
0| .24 80| 841 7.41 ( 18 G203 | .0588 L00500  —. 4000 | —. 0231 | ,0853 | .1860 | —. 4096 | —. 0622 | 2417 | .1778| —.1383| =17.0| .370 | & 4% 4. 008
50,000 | .78 48 &4l 141 85 0107 | 0501 LOUZM |~ 4000 | —. 0289 | 0629 | .0DOS | — 4008 | —. o358 | oM@ 1163 | —. 133 | —10L5 | 713 | 4.584 | 10910
2 X (48 0| .76 <08 931 ~L18| 15 0310 | .O788| —.00010 | —. 4660 | —.Cd44 | .0881 ( .0388 | —.3323 [ —. 0078 ] .2007 ] 0533 | —. 1084 A0 134 | 1,608 L1514
0] .37 48 830 43| 15 03| .07d5 LOO3RS | —. 4600 | —.07R0 | .OQ0M | L3O | ~. X9 | -, LR | L1387 | —. 1608 110,06 | .94 | 3.0 4.005
0] 24| .3 |10.08 L | 15 L0725 LO0818 | —. 4600 | —.1083 | .OQ28 | {4630 | —. 301 | -, L33 | L1 | — 1740 1.0 | 473 | 4.4 G. 348
40,000 | .75 48] &% 43| @8 03| .0Rs 00385 | —. 4600 - Q79 | 0004 | 2070 | —. 30| —. VA | 1227 | —. 1638 0] .800 | 42378 | 10.980
a 4 | 3.0 Q1 .78 L0061 L3 —.97] 184 (0287 | .15 | —. 00108 | —. 4880 | ~—05T4 | 11| .0e80{ —. o3| —o3m | .z | .ov4s | —. seey 78.8 ) .207 *| 1.886 1, 500
ol .ar A T &0 | 184 | .0ME 1017 00808 | —. 4000 | -, L1081 4376 | —. 23 =078 [ 208 | .13 | —. 208 1.0 .811 | 3.3 8, 350
0| . 24| .90 | 1380 | 11.80| 184 .0270 | .0902 L0580 | - 4000 | —. 1733 ] L1191 | .7438 | —. 3828 | —, 1TIR | .8413 | .1768 | —. 2787 15,81 .028 | 3.541 | 33887
S,000 | .78 40 T S04 | 1205 | 0648 | .1017 L00808 | —.4800 | —, 1000 | ,1108 | 4378 | —. %01 — 0678 | .30 | .13 | —.2080 B4 L33 | 362 71472
4 0|1 ol .75 LOG | LBE| —.42| 38 L33 1500 [ = 00110 | — 4600 ] —, 0887 | L1613 | .08 | —. 1980 | —. 0843 | .dem | 1M3 | —.mMC 200 .430 | 1.4% 1.5
0l .97 401210 10.10 | 28 L0380 | L1842 Lm0 | — 4880 | —. 1860 | L1684 | 0708 = 1ZH | —. 2088 | 4835 | .1317 | -—. 5831 7.8 .745 | 3.016 | —6. 128
0] .24 | .80 | 2LO& | 10.05| 28 LM77 | L1743 JOABE0 | — 4680 | —.3140 [ L1684 | L1I7G | —. 1448 | —. 4000 | 4835 | 1244 | ~. 5831 7.9 .17 | 2.381 | —4.151
50,000 | .78 451210 | 10.10 | 1705 | .0360 | .1842 LSBT0 | — 4600 | — 1990 | L1684 | L OT08 | — 1% | —. 2085 | 4835 1317 | . 5831 20,0 | L7785 | 2.842 |—17.00
[} 0130 al .78 .00 01 [ =100 | 18.4| .0R37 | .1013 | —. 00140 | —. 4680 | —, 0407 | 1120 | 0297 | - 2489 | —. 0070 { .3371 | .0743 | —.2567 1190 | 1978 | 1. 682 1.418
ol .a7 40| &08 408 | 184 .0R43( .1008 LOMTE | — 4680 | — 0804 | L1188 | L1703 | — M| —. 080 | .3%65 —. 2000 243.01 .52 | 3776 4.141
0] .24 | .80 1213 1013 | 184 | .(81 (| .00e8 Q1340 | —. 4680 | —.0871 ( L1161 | (8681 | —. 2483 | —. 0019 | .3413 1714 | —. 2767 | —137,0 | .080 | 4453 5.591
so0af .78 .40 | 408 408 | 150.5 ( 0243 | .1008 LJOOO7S | — 4680 | —. 0804 | L1108 | L1709 | —. 2450 | -—. . M5 —. 2080 620.0 | L3300 | 4031 | 12,740
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CONDITIONS FOR WHICUH CALCULATIONS WERE MADE, DERIVATIVES USED IN CALCULATIONS, AND RESULTS OF CALOULATIONS TO DETDRMINE

TABLE III

ETFFEOTS OF MASS PARAMETERB AND INDIVIDUAL STABILITY DERIVATIVES

Flight conditions Moz parnmotors Btability dertvailves Rosults
Buboon | & | 4 ropenges from ‘iﬂ;& Apsriodlo | Oscllatory
Hon k AL | Cu | g | kg | * | x| Ex' | Hrxs Cr, C, Cy | Or, a, Ca, Cy, a, Cn,
Ty Tigr P, Tige
800 o ”o 200
1 0| 8| Dechvatives o 0] ofosr|oe|7.04] 504184 0.0245] 01017 | 0.00808 | —0. 4080 | —0. 0200 | 0. 0820 | 0.0006 | —0. 4008 [ —0.0358 | .2¥70 ( 0. 1109 | —0.1335 | —4L 8| 0.0 | L 081 | 404
hangee o JEA (S a [13 | 0107 | 0681 | .O®E | —.4000 [ —.1200'| ,06z8 | .0008 | —. 4008 | —.0368 | .23%0 | .1163 | —.1338 | 45B| .27 | 3988 | 4713
LUso walnes for 4134113 L0167 | .08l | .00m34 | —.4580 | —.0209 | .1108 | .0008 | —. 4008 | —.0328 | .20 | (1109 | —. 1338 | —304 | ISP |35 | 25
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3 45 | 3 | Derbeatives ol 0| of .27 40184134113 L0197 | .0B0L | .OO2H | —.4860 | —, 1200 | .1108 | .4975| —-.2801( 0078 | .35 | .1M® | — 20 17.1] 401 | 3380 | 5007
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configuration 1 T | &4 [184 | 0245 | 1017 | .00B0G | —.4800 ( —.1200 | 1108 | . 4275 | —. 40061 —. 0978 | .06 | . 1dB | - 3] ML 34| A7
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und T4 | B | 184 | .06 | 1007 | 00800 | ~.4000 | —. 1200 1188 | 4275 ] —. 2001 | —. 0978 | .30 | .1303 . 1335 41L Q| 507 | 3. 387 (5L M40
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TABLE IV

CONDITIONS I'OR WHICH CALCULATIONS WERE MADE, DERIVATIVES USED IN CALCULATIONS, AND RESULTS OF CALCULATIONS FOR DETERMINING
MIANS OF IMPROVING DUTCH ROLL STABILITY

(a) Basks configuration 3 (A=m4s% A=3) .

ar

Fiight conditions Aars DATATIOLATE Stability derfvatives Rasults
Ohangos from basls g"' T, deg Amﬂh Ozofllatory
on ol
&It A Cr |adeg|mdex]| g K3 Kt Kxs Cr, i, Cay Cr, Ci, Cn, Cr, Cr, Ch,
Ty, P, ™
Tia®e | g0 | s0 | e20
Roduesd feocceeeaaaan =5 0 0]Q&7 |0od| 408 | 403 184 0.0ML {01020 | 000860 | —0 4080 | —0. 0488 | 0L L1588 { 0.0046 { —0 2308 | —0. 0847 | (0. 3308 | 0. 0587 [ —0. 2000 BL2 [ 0ord | L4358 | L1328
o .37 AD (1204 | I 04| 184 0285 | 0997 0470 — 4080 | —. 130 | L1101 | 5383 — 2318 —, 1381 @412 | (134 | —~ 9TEO 1.2 .500 | 3033 | 4838
0| .34 .80 | 1890|1480 | 184 (303 ( .0450 080 (| — 48| — 19| (LI} (B0 | — 9384 | —. 58 3412 ( 18037 ~—~ 2750 10,3 | . 670 | 3143 |11 434
80,000 | .78 A0 1204 | 1004 | 12008 | L0265 | L0007 01420 | —. 4600 | —. 1280 ) 1191 | .582 | — 9318 | — 13| .3412| .14 | —. 2750 40,0 | 1.387 | 3102 |14 064
Reducsd I'. comreeeeaes 0] —&4 o .78 00| LOI| ~07) 184 | (0237 | L1005 | — Q0133 | —. 4060 0 20 L0660 | —. 23338 | —.0128 871 ards | —. 9567 —57.0| .818 | L7 | L.242
0| .7 A0 704 ) S04 184 L0245 | 1017 LO0B08 | —.4800 | —, 0020 | 11688 | 4375 [ —. 3301 | —.0078 | .35 | (1303 | —. 2880 16L0 | .849 | 3. 680 | 4017
¢] .24 | .R0|1380 (180 184 .02%0( . L01580 | —. 4800 | — 1184 1101 | .7435 | ~. @92 —. 17018 | .M13 | 1780 | ~— 3787 8L0 | .6G0 | 3 88f (11008
80, 000 W75 48] Toed | 564 1208 | 0948 117 L0000 | —. 4000 | —. 0020 1108 4378 | —. B0 —, 0678 | 2365 1308 | —.9069 | —2,510.0 | L 320 | 3,780 |20. 818
Rodoond feand I'o ... —&| —43 0| .78 0] 608 403 184 | .08 1031 L0080 | —.4000 0 . 1108 M8 | —. 2308 | —.0M7 | .3300 | 0837 | —.5%0 ~TLE| .23 | 2.400 | 1.148
0] .7 A0 1804 | 10.04 | 154 0005 Q470 | —. 4600 | —. 0MR 1191 — 218 | —. 1831 | M2 | .1vd | —. 47,8 588 | 3.274 | 280
0| .24 .80 | 1880 | 16.50 | 184 .03 | .00 L0180 [ —. 4080 | —. 1408 | 1191 Q110 | —.2384 | —. 3138 [ .MI12| 1809 | ~—.3780 S5 | .008 | 3357 | 8448
50,000 [ .75 A8 | 1204 | 10,94 | 120.8 | L0205 ( 0907 .o01470 [ — —.0me | L1191 —. 2318 | —. 1331 | .M13 1 - 13L 5 | L 440 | 2 337 (11. 435
Rodoeod Kxyeacemeana- 0 0 o .78 Lo81 L03 | — 97| 184 .0100| .1 — 00l00 | —. 46801 —. 0674 10 | 0850 | —.2338 | —.0i123 | .8371 | 0748 | - 3587 787 .08 | L&I7 | LOOL
| A T LM | 184} .00 1018 00050 [ —. 4680 | —.120 1188 | 42783 | —.2%01 - 0078 | 38| .1303 | —. 9089 0.2 .228 [ 2080 | 2331
0| .204| .80 | 1350 1L.80| 184 0139 | . L0850 | —. 4800 | —. 1728 191 | 7428 | —.2385 | —. 1718 ( .3413| .1788 | —.37O7 159 | 433 | 2709 [ LWO7
50,000 | .75 0 7| AEB4| 1205 olo 10L8 L0080 [ —.4080 | — 1200 1108 | 4978 —~.2301 | —. 0078 | .3335 | .1303 | —. % 00 T 1@|6LR3
Roduced 4w and Fxg...| =3 0 g .75 00| 8031 408 184 .0105 | .1021 L0080 | —. 4880 [ —. 0428 nee| CHe| —B05 | — 4| .3 87| —. 20 #0.3 ] 100 | L4200 | .93
o) . A 1204 | 10| 184 0133 | . 0003 QITR0 [ — 4680 | —. 1380 191 | .68 | — 338 | —. 1331 | .3413 12 | —. 3750 19.4 | 353 | .50 [ L3
0| 24| .80 | 1880|1080, 184 .OL7T7{ .0048 L3500 | — 4880 | — 1@ | (1191 0110 | - 2384 | —. 2088 | .3412 1803 | —.97580 164 | (538 | 237 | L8319
50,000 | .76 A0 [ 1284 | 100 | 1.8 | 0133 | L0093 L1700 | —, — 120 | (1191 | .6%2| — 318 | —. 1381 | .H12 134 | —. 2780 405 | (903 | 2378 | 2T
Beduced Tand Exy....| 0| =84 o .78 08| LOS| =07 184 | .0100 | .1028 | — Q0160 | —, 4800 1] L0 | L05ER | —. - 08| .un 074l | =, 3567 -50.8 | .00 | 1.8%7 | 1,928
Q) .27 A T KM I84| L0110 | 1016 LO006) | —, — 06 L8| 475 | . B01 —. 0974 | .35 1303 | —. 2069 10L5] .23 | 3.338 (3420
. o .204| 9 |138 1L 18.4] 01| . LOI88) | —, — U | 1] a5 | —.273 | —. 1712 | .M13 1708 | —. 2757 JL4| 418 ] 3.190 | 1,838
50,000 | .48 A8 | TOH [ -S04 18| L0110 | .1016 ' — —. 0020 1108 | 4375 | —. 301 —. 0974 | L3388 133 | —.3080 | —2,80.0[ .715 | 2228 ] 843
Bedoeod {,, T and Ky, | —8 | —4.3 o .78 o8| 6.03| 408| 184 .0106 1021 200040 | —, 4000 0 S| oM | —~. 2908 | —.0M7 | (300 | (0887 | — 3000 —7L5| (004 | L.EO3 | 1L 0BS
0| .27 40| 1204 | 10.H | 184 0133 | 002 LT | 4000 | —. 0702 1191 | 5| —HIB| —1WL | .Miz | J12H ]| - 483 | 30| 1878 | LIN
0| 24| .80 | 1880 | 10.80 | 184 | .0177 | .0WM8 L0380 | —.4060 | — 4% | .n91 | (G110 —. —. 3188 | .M12] .13 ]| —, 73.9 | 520 [ 2500 | LY
80,000 | .78 AR 1204 [ 1004 { 1308 ) L0133 .DW]_ L0720 | —. 4080 | —. 0702 1191 | 5303 | —.3318 | ~.1331 ] .HI2| 124 | —, 135.0 | .940 | 2881 | 2011
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TABLE IV—Continued

CONDITIQNS FOR WHICH CALCULATIONS WERE MADE, DERIVATIVES UBED IN CALCULATIQONS, AND RESULTS OF CALCULATIONS FOR DETERMINING
MEANS OF IMPROVING DUTCH ROLL S8TABILITY

(0) Basio configuration 3 (Am48°%; Am3),—Concluded

Flight condbilons - Mo parametons Biabillty declvailves Nevulta
Aporiodio Qseillntoty
Olmmm from baske é‘:‘ T, dok modo nodo
[ %1 Ou (o, dog|mdeg| » K Kg Kz ar, Ciy Cay Cr, a, C, Cr, ay, G,
Tw | P Ty
T80 | ool | Goo | 860
Tnoroasod Kry.o----eu.n 0 0 ofa7s [o.08| 1,08 [—-0o7 | 184 | 0.0238 | 0. 2000 |—0 060 | —0. 4680 { —0.0574 | G 1M 0.0059 | —0.3335 | —0.0198 | 0. 3371 | 4. 0748 | —0. 2557 80.510.200 | 312 | 3.808
| I 4 A8 e | At 184 (0285 L1881 JOIB2} | — 4600 | = 1200 | 1168 4878 | —, 2501 - T8 | L1\ | ~. 280 3.4 ,561 | £.088 11,000
0| 204 | .80 |1380 | 1L80 | 184 | 0311 | .1028 L0380 | —. =1 1101 | 748 | — T3] - 4712 | .13 | 1780 | ~, 2787 a1l L7 | 3087 (14T
0000 .7 A8 T4 | 4041205 | LORB5 L1681 L0620 | —, - 1200 | 1168 . 4870 | —, 2300 | —. 0078 | .33 1003 | -~.3080 5.0 | 1,325 | £29 (04121
Rodueod {. and in | =8 0 of .78 00| 603 403 184 .OHO| .1801 L01940 | —, 4880 | —.(0458 1188 | 0048 | —, 2308 | —.0M7 o84 | (0587 | ~, 2000 3| 928 L0309 | 1L.417
MK‘;&' ol .47 A 1204 | 10,4 F 184 ) L0800 1637 0300 | -, 4000 | —. 1380 191 | 5902 | —, 2318 | —.1381 Hi2 | (12| ~ TN Wil 082 (3H2)|8035
0] .24 | .80 1850 | 1680 | 184 | .0384 1853 04580 | —, - 159 191 | 0110 | -, —. 188 Hi2 | ,183 | ~ 770 L3 .874 | 1378 | & 610
80,000 | .78 A 1204 | 10,04 | 105 [ L0300 1037 OR300 | - 4080 | —.1380 1191 | 8983 | —, 238 | —.1331 Hia| 124 | -0 00.0 | L730 | 3508 |10.050
Reduesd T and in- 0| —L4& 0y .7 OO0 LA | =07 184 (0238 | 2000 | — 00200 | —. 4060 0 J190 | L0880 | - 2338 - 013 & | .0M5 | —. 2857 167.0 A9 | 2143 | L 90D
cronsed Ky 0| .a1 A0 7.4 | A4 184 (0255 1041 Ol | — 4000 | —. 0828 | L1188 | L4275 | —.2301 - 0078 | .35 .13 | -—. 2030 187.5 | 673 |4 m7 | 2100
0] .24 | .80 1380 | 1L80| 184 0311 .16 LOA530 | —. 4800 = 110 | 1161 | 7488 | —. 23 | — 172 | 13| 178 ~. 2157 40.8 | .750 ] 4.438 po 512
5,00 | .73 A0 7| ADd | 1205 (0255 L1081 L01890 | —.4000 1 —. 0626 | L1183 | 4375 | —. 2201 —~ 0078 | 35| 1303 ~. 2680 | ~2,040.0 | 1.385 | 4 748 167
Neducod {pand I'and | =8 | —4.3 01 .75 00| AO3 | 403 1B4 08 | 1901 QLM | —. 4660 ] L1168 | (0048 | —. 2308 - L8587 |~ 2000 —~T20 | .28 | 3083 | LTS
lnmIKz.. 0| .& 40| 1204 | 1094 184 (0300 .1 . 03200 —. 4850 0T’ 11e . - 8IE | — 131 413 | 19| ~. 2780 81| .o668 | 3010 | 74 .
0] 204 | .80 | 1880 ] 180 | 184 .0384 1 (4830 — 4680 | —. 1400 | 1191 | QU0 | - —. 5188 13| 1803 ~. 1780 0.8 | .87 3608535
80,000 | .75 A8 | 1284 | 1004 | 120.8 | (0300 17 0300 | — 4600 F —. 0703 | 1191 | . - BB | -1 Mi2 | . 12H ~. 1780 144.8 | 1.720 | 3.018 | 9.811
Inmeased X, and re- 0 0 0 .78 8| 1.08) =87 | 184 | .0lDO| .180Q | —. —. 4680 | —. 0574 | L1120 | O | — 238 | —. 0128 | 3371 | .07A8 | ~—. 3547 T0.8 | 080 | 1.870 | 2400
docod K'xy, [ 14 AR T | A8 184 ol16 | . 1878 . 01850 —. 4600 | — nNW\| .4 — 2300 - 0078 | RS 138 | —. 2080 2.8 .206|3.414 | 2180
0| . 204 501380 [ 1LB)| 184 ole3 | 159 LN | —. 4000 | —.17T13 1191 | .74 | — 3025 | - 1712 | . ML3 | .1T8B | —. 5757 19,1 [ 500 | 2.080 | 1,471
50,000 | .73 A8 TH | R 1305 0118 | .1878 L0880 | — 4000 | —.1200 ATE ) —. 3301 | = 0078 | 3388 | (1808 | —. 2080 55.5| .500 | 3200 | £008
Roduesd 1., fnoressod | —§ 0 0] .75 00 0.03)] 403] 184 0108 153 JOLQ40 | —, 4080 | -, .11 M8 | — - 037 | X300 ) .087 | — 7.5 100 | L7853 | .UTB
K13, and mneduced 0| .17 A8 12d | 1ot | 184 L0134 —. 4500 | —.1250 1191 - 2518 | - JHIE | 12| - TN SLO| .4156 | 2799 | LO&&
Kx 0] 204 | . 80|18.80 | 10,80 | 184 | . 1478 Mgy | —, = 18 QII0 | —. 2384 | — 2168 | .MI8 | .I1M3 | —. 2750 14| .8470 | 2408 | L127
L 000 .78 48| 120 | 10,04 | 1205 | L0154 | L1B48 I | — 4000 | —. 1260 1191 033 | — || — 130 | .¥M12| 12| — TR0 80| LS| 2508 | 2292
Reduesd I, Incceassd 0| —%4 o) .78 08 L3 07 184 | L0100 ] 1600 | —, 00284 | —, 4000 0 11 o5 | — | —01% | .FOL| 0745 | —. 2857 =50 | 003 | LUIB | L.848
Ky and reduced 0| .27 A8 T s0d ] 184 QU8 | 1570 01580 | —, — 0024 | L1168 | 4278 | -, 201 — 0B 25| .19 —. 6% 177,01 .280 | 1088 | 158
K, 0] .304] .80 | 1280 |11.80 | 18.4| .0168 | .18% L0020 [ —, — 1M JTARS | —. = 1713 | 313 | . 1788 — 2787 3.0 | 468 | L48| LT
- a0 | .75 A8 7H | S ]120.5] L0118 | 1878 01880 [ —, —. 06 1188 | - - 078 . It —. 2089 | ~2,70.0 | 785 |LTR | L85
RBedocod {, ard T, In- | —8 | —4.3 0] .75 08| 403 408 1841 .0108 | .15 L1040 | —, 4800 0 JI68 | (08 | — 2300 | — 04T | 3308 | L0547 | —. 2600 =7, 8| 005 L8731 1428
a‘ea.ndicrb,ancim- 0| .37 A0 1L || 1E4] (01K} (158 270 | — 40| Jiel | L5 | — B8 | — 1331 | . MI2| 18MH | — IR0 5.4 3083181 | LM
duecd K, 0| 304 | .B0O| 1880 | 660 | IR4 ] .00 | 1475 QM50 | — 4080 | —~.1480 ) .01 | (010 | —E384 | — 2183 | 5412 | (1503 | ~. 1THO 21| .60 | 3701 | L1483
b 80,000 | .75 A0 P14 | 1004 | 1208 | (OIS | L1648 @0 —. 4530 -0z | 1191 | .55 -3B8] —=.181 A2 | — 2T 1302 | 1.18) | 2891 | 2.450
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TABLE IV—Continued

CONDITIONS FOR WHICH CALOULATIONS WERE MADE, DERIVATIVES USED IN CALCOULATIONS, AND RESULTS OF CALOULATIONB FOR DETERMINING
MEANS OF IMPROVING DUTCH ROLL STABILITY -

(b) Batho conflguration § (A=0°; A=3)

Flight conditions Afoss paramoetons Btability dorivatves Rosulis

Aporiodis Osolllatory

O%Mml:ﬁo é& T, dog maodo modo

%13 Af | Ot |aydegiw, deg{ n Kyl K Kxs Cr, Ciy Cay Cr, o, ., Cr, o/ Cn,
Ty P,

Tiwo | ool | o | a5
Roduced fe-veceranann- -5 0 0075 [0.00 | 501 261 184 [0.0ML|0.1008 | 0.00026 | —0L4600 | —(L0A50 | 011567 | 0. 0518 | —0. 2458 | —0.097% | 0. 2240 | 0.08%0 | —0. 1805 1820 | 0.312 | L <58 | 1.112
0l .7 A6 | IL08 [ 98| 184 | 0200 | .0¢80 LO1E0 | —. 4600 [ =040 | L1183 | L2008 | — adex ]| —. 0783 | .Ml6 | .1064 | —. 7700 =531 | .560 | 3412 3.000
0| 24| .80} 17013 | 1813 | 184 | .0290 | .0G50 LO198) | — 4800 | —, 0824 .llﬁ'i' A — | — 1131 | MM .15@ | -.3T0 —=80.7T{ .702 | 4260 | 3. 503
50,000 | .78 | .40 | 1LOB | Q08 |120.5 | .0200 | 0089 L01390 | —. 4080 [ — 0440 | (1163 | 2000 | —, 4032 -.OTB L3416 | L1004 = 4700 | —1,1140.0 | L4650 | 3,610 | 7. 808
Rednood I'oceeeeaeoooae 0| —4 o .78 08 L0 |—-1.06 | 184 1012 | —~. 00140 | —. 4600 0 1120 07 | — M489 | —. 00 | 371 | .0743 | —. 3887 —00.9 | .208 | L5388 | L2
ol . A8 4| 4A98] 1684 0243 1008 - 480 | - US| 1703 | —. 3403 | — 083 | 5868 | .1280 [ —. 2680 =170 .58 | 4039 (21171
0] 24| .80|1213 {1013 184 | .0261 | .0088 L01340 | —. 4800 | —. 0174 [ (1191 | . 2WS1 — 3400 | —. 0010 | .3413 | .1714 | —. 2757 =124 | .TI2 | 4006 | 1533
50,000 | .78 A8 | 698 | 408 [120.5 | (0243 | .1008 LO00673 | —.4060 | —.0007 | 1168 | 1708 | —.3im -—-.0&!] 365 | L1280 (| —. 2090 —48.0 | L403 | 4050 | 8. 408
Roducod feand I'...... -5 | -8 0| .78 L0 501 391 | 184 ) oM [ 1008 L0020 | —, 48000 0 BT | L0818 | ~. 8488 | —~.0876 | .3MO | (0550 | —. 2088 =811 | .210 | 1,488 | L 147
0| .27 A8 (11,08 | 9.68 | 184 | 000 [ 0089 L0130 | —.4800 1 —.0000 { 1103 ( .2008 ~ 002 | —.(0753 | .3418 | .108i | —.T7% =21, 8| .585 | 3.585 | 800
' ¢ .24 | .60 | 1718|1813 184 | 0200 | .00 L01960 | —. 4000 | —. 0174 | .L107 | 3970 | —. MW | —.1131 | 3434 | .1203 | ~.gmM0 —18.4 | .74 | 4056 | 8394
80,000 | .78 A | iLes | K08 [ 120,56 .00 | 00N 01320 | —. 4000 | —.0000 | 1109 | .2008 [ —.H&2 | —. 0763 | 348 .1084 | —~. 3700 —8.4 | L4865 | 3800 | 7.200
Rodueed Kxy.-ccrenen- 0 0 0| .75 .08 Bl (=109 184 AN |~ 00180 | —. 4080 | — 0497 120 | 0287 | —.248%0 | —. 0070 | 3371 | 0743 | -, 2857 118.5 | .08d | L 61T | 1.819
o] .%7 LG AR 4| 184 L0107 .12 L00TO0 | —. 4000 | —, 0804 703 (| — MR [ — 5. 3 . ~. 20680 420 .340 | 3,504 | 3. 401
0] 204 .80 (1213 | 10.13 | 184 ,0128 | .0M48 . 01870 —. 4000 | —. 0671 1191 | . 2981 —. M@ | — 009 | (M3 | 1714 | -—.5787 —1280 | ,356 | 4002 | 2138
50,000 | .75 A m | 408 INS 0107 1 700 | —. 4500 | —.0&M A3 | — M8 | —, o5 | L1380 | —. 2080 00 ,678 | 0484|812
Eoduced !w and Kxg...| <5 0 0l .78 LOG| 681 391 | 184 .0l | .I008 (00020 | —. 45080 | ~—.0350 | 1187 | O8I0 | ~--.32458 — 03 | 3340 | .0580 ] — 2888 18.0 | 001 | L449 | . 003
0] o A0 [ IL9B | 08| 184 ) <0634 01000 | ~—. 4000 | —. (0440 ] .13 | 20080 | —. 342 | —. 0753 | 310 | .1084 | —. 3780 —4,500] |36 | L&
0 24| .30[17.13 | 1513 | 1B.4 ol (9560 —. 4580 | —.0524 1167 Bm | -2 1131 . 1502 - I ~0a.5 | .44 | &8BL | L4OL
50,000 | .78 A8 | 1087 098 | 18 ol 0934 01560 | —. 4080 | —. 0440 s 00| —sd2| —, 16| 104 | — 2700 { =1L,140.0 [ .535 [ %118 | 2 850
Dednesd I'and Ary.| 0| —4 ol .78 .08 L0l [—~1.09 ] 184 1012 | —. 00180 | ~, 4800 0 L0 |03y | — 2480 | —, 0070 | .71 | L0743 | —. 3587 ~60.7 ( .085 | L5327 | L218
ol .o 40| GU8| 4.08) 184 .0107 | .1 00700 | —. 4600 | —.0007 | (1108 | L1703 | —. 3483 | — 00 | .35 | .1280 | —. a0 —16.8 | .94 [ 3.003 | 2 020
0! 204! 80213 |10.13} 184 0188 | .0084 015 | -~ 4060 | —.0174 [ 1101 7 9081 | — M3 | — o019 | .M13| 1714 | —.27EY ~123 ) B33 (4756 | 2438
8,000 | 78 A8 498 | 4.98 | 120.5 | .0107 | .1008 00700 | . 4600 | —. 0007 | L1108 | L1703 | — 2483 —. 0830 | .38 | .1280 | —, 60 —~42.8 | .00 (3041 | 6085
Dediod e, Tyorrd Exg | —8 | —28 0| .78 O 59U A0l 1AL L0104 [ L1008 00620 | —, 4000 1) L7 | L0810 | —. 2458 | —.0975 | .3MO | .058) | —.2008 —50.3| .08 | Lo2 | LOgd
0| .&7 A6 1.8 ) 0.83| 184 LOLGMD | =, 4050 | —. 0000 [ 1109 | 2008 | — MM | — 078 | .36 1084 | — 7700 =213 | .20 [3313 | Ll
0| .24 | .80 |17.13 1813 184 | .0162 | .0250 JO2390 | —.4000 | —. 0174 | L1107 | .3F70 | —. W92 | — 1131 | .34%4 | (1503 | —.2TTO —18.3 | .31 | 4440 | 1.775
850,000 | .78 A8 ) 1.83 ( 08 | 1205 | .0127 | .008B4 LOL500 | —. 4000 | —. 000 | L1193 | (2000 | — M| —07Bd | .30 | .10M | —. 2700 =84.0) .73 | 3881 | (31
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TABLE IV—Concluded

CONDITIONS FOR WHICH CALCULATIONS WERE MADE, DERIVATIVES USED IN CALCULATIONS, AND RESULTS OF OALCULATIONS FOR DETERMINING
MIANS OF IMPROVING DUTOH ROLL BTABILITY ‘

{b) Basio configuration § (A=0°; 4=3)—Conokided

Flight conditiors Moes parametors Stabllity dortvatives Rosults
Ohanges from bagke | { ) Apsriodia Oscllintory
conguration d;; I, deg . , modo modo

Aot AM COL |a,dog!w, dog » Kx! Ry Hyr Ya 01‘, a.’ C')" C'l, C.’ C'yr C»'lr 0-,

' T | P | T

The® | pog | mo | séo

Tnercased Ix, 0 ¢ 0lo7 loco| oot |—100 | 1804]0.0238 | 0,1080 |—0.00340 { —0.4660 | —0.0497 | 0.1120 | 00227 HA0 | —0.0070 | 0.3271 | 0.OT43 | —0. 2857 1910 | 0105 [ 2140 | 2023

0| .27 | 48| e88| 408 | 184 | 0260 | 1987 | 0I5 | —. 4060 | —.004 | 1168 | 1703 | —. 482 | —.04%0 | 3085 | .1950 | —. 2608 950,0 | L5356 [ 4.300 | a4

0f 204 | .80 (1213|1013 | 18.4 | .0202| 145 | .03040 | —.4860 | —.007L | 1191 | 2081 ] — & | —.0010 [ .3413 | .1714 | —.A787 | —162.3| .718| 5. 402 | & 966

50,000 | .76 | .48 | 683 4.08 | 120.4  .0328) | 1067 | .OL830 | —. 4800 [ —. 168 | L1708 | —.MS83 | —.00 | .3306 | .1930 | —. 2080 TR0 | 1. M5 | 4 H5 0,974

Reduced {p and - | —3| 0 of .78 | 00| &L | 3.6L| 184 | .0HS| .1003 | .01200 | — 4580 | —.03%0 | 1157 | 0816 [ — HE6 | —.0275 | .3M0 | .o6s0 | —. 2088 188,0 | . 220 | LODE | 1.487

oreasod K, of a7 | 48| 11.08| c.e3] 184 | ,0200 ] .1047 | .03010 | —.4080 | —.0440 | 1103 | .2008 [ —. %83 | —. 0763 | .3418 | .1084 | —.9780 | —0M.0| .636|4.500 | LEIB

o ™4 8017131813 184 ) .0387 | 1850 | 04440 | —. 4080 | —08 | 1107 | .30 | — HE2| —, 1131 | .34H | (1803 | —.8TN0 ~87,0 | .838 | 5,107 | 4.008
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