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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

TECHNICAL NOTE 3035

A PRELIMINARY STUDY OF THE PROBLEM OF DESIGNING
HIGH-SPEED AIRPIANES WITH SATISFACTORY INHERENT
DAMPING OF THE DUTCH ROLL OSCILLATION

By John P. Campbell and Marion O. McKinney, Jr.

SUMMARY

Considerable interest has recently been shown in means of obtaining
satisfactory stability of the Dutch roll oscillation for modern high-
performance airplanes without resort to complicated artificial stabilizing
devices. One approach to this problem is 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 paper
presents some preliminary results of a theoretical analysis to determine
the design features 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 sweptback wings is
largely responsible for poor Dutch roll stability, it is important to
design the airplane with the maximum 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.
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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 attempts are made later to
improve the dynamic stability by the minor changes in configuration
which are then permissible in the design. If such a procedure is
continued, all airplanes of this type will probably require artificial
stabilizing devices. The armed services and some airplane manufacturers
are becoming increasingly concerned over 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 artificisl
stabilizing devices. Various methods for accomplishing 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 consideration 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 determine the design
features which appear most promising in this respect. Some preliminary
results of this investigation are included in the present paper which
covers the case of fighter airplanes at subsonic speeds. The period
and damping are the only characteristics of the Dutch roll oscillation
considered in detail in the present paper.

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
investigation of their effects had been made, the effects of these
factors were analyzed in considerable detail. The results of this
analysis are also included in this paper.

SYMBOLS

All forces and moments are referred to the stability system of
axes which is defined in figure 1.

W weight of airplane, 1b

m mass of airplane, slugs
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S wing area, sq ft

b wing span, ft

1 tail length (longitudinal distance from center of pressure of

the vertical tail to the center of gravity), ft

Z tail height (vertical distance from center of pressure of the

vertical tail to

the center of gravity), ft

A aspect ratio

A sweepback of wing-quarter-chord line, deg

A taper ratio

r geometric dihedral angle, deg

v true airspeed, ft/sec

Ve equivalent lateral velocity, ft/sec

M Mach number

h pressure altitude, ft

kXO radius of gyration about principal longitudinal axis of
inertia, ft

kzo radius of gyration about principal normal axis of inertia, ft

KXO = kXo/b

KZO = kzo/b

Ky radius-of-gyration factor about X-axis,‘/Kxoecoszn + Kzoesingn

KZ radius-of-gyration factor about Z-axis, VKZOQCOSET] + Kxoesingn

Kxo, product-of-inertia factor, (K202 - KX02> sin n cos 7

V) relative-density factor, m/pSb
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n angle of attack of principal longitudinal axis of inertia, deg

€ angle between principal longitudinal axis of inertia and
longitudinal body axis, deg

a angle of attack of longitudinal body axis, deg
¢ angle of bank, radians
g angle of yaw, radians
B angle of sideslip, radians
i, wing incidence, deg
p air density, slugs/cu ft
P rolling velocity, radians/sec
r yawing velocity, radians/sec
q dynamic pressure, 1b/sq ft
P period of lateral oscillation, sec
Tl/2 time to damp to one-half amplitude, sec
Y lateral force, 1b
L rolling moment, ft-1b
N yawing moment, ft-1b
C1 1ift coefficient, Lift/qS
Cy lateral-force coefficient, Y/qS
- Cy rolling-moment coefficient, L/qSb
Cn yawing-moment coefficient, N/qSb
B OB
Cin = EEL
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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 references 2 and 3 were used as a basis for evaluating
the results.
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Basic Configurations Studied

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

Configuration Sweepback, deg Aspect ratio
1 0 6.0
2 30 4.5
3 L5 3.0
L 60 1.5
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. Con-
figurations 2 to 4 were obtained by sweeping back the wings of configu-
ration 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 because it provides interesting comparisons with two of the other
configurations. Comparison of configurations 1 and 5 shows the effect
of aspect ratio at O° 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 representa-
tive 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 accommodate 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 Cy . At 0° angle of attack, the center of pressure of
tail
the tail for all configurations was the same distance behind and above
the center of gravity, which was located at the quarter-chord point of
the mean aerodynamic chord.
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A1l the configurations were assumed to have a wing loading of
50 pounds per square foot. The principal longitudinal axis of inertia.
was assumed to be inclined 2° nose down relative to the longitudinal
fuselage axis. These values were 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 variation 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 air-
planes for which detailed weight data were available.

Flight Conditions

The calculations for both the basic and modified configurations
were made for four conditions:

Condition h, ft M Cy,
(a) 0 0.75 0.06
(v) 0 27 .46
(c) 0 .204 .80
(a) 50,000 .75 46

Conditions (a) and (d) were chosen to show the stability at a 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 conditions since that was considered about
the highest value at which subsonic stability derivatives could be
expected to apply for all configurations without compressibility
corrections. Condition (b) was chosen for direct comparison with
condition (d) to show the effect of altitude at constant 1lift coefficient
where the stability derivatives would be the same. Condition (c) was
chosen to show the stability at moderately high 1ift coefficients with
flaps retracted. The lift coefficient of 0.80 used for condition (c)
was assumed to represent the highest 1ift coefficient at which the
theoretical variations of the different stability derivatives with 1ift
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coefficient were still valid. Above this 1ift 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 1lift 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 con-
ditions (a) to (c) shows the effect of 1lift 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 CYB for the vertical-tail-off

condition was assumed to be constant at a value of -0.229 per radian
(CYB = -0.004 per degree) for all configurations and flight conditions

on the basis of experimental data for a number of designs. These data
showed no consistent trend for the variation of this factor with sweep-
back or 1lift coefficient. As pointed out previously, the vertical tails
for all the configurations were designed to give the same value of CYB.

Since there was assumed to be no variation of Cy with angle of
tail
attack, the value of CYB for the complete airplane was the same

for all configurations and flight conditions.
Since the configurations were laid out as midwing designs, the
value of ClB was assumed to be simply the value of Cj

tail off wing
This value and the value of CZB were determined from the charts
tail

and formilas presented in reference 1.
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On the basis of experimental data the value of the factor bC,

for the vertical-tail-off condition was assumed to be constant for all
configurations and flight conditions. The magnitude of Cj

Btail off
therefore varied inversely with wing span. The value of CnB was
tail
calculated from the value of Cy by means of the formula given

Btail
in reference 1.

Rolling derivatives.- The rolling derivatives Cy , C; , and Ch
b

D
were determined by the methods described in reference 1 except that

Cy was assumed to be constant over the lift-.coefficient range at
pwing
the value given by reference 1 for the zero-1lift condition.

Yawing derivatives.- The value of CYr was assumed to be
tail off

zero for all configurations and conditions since experimental data for
many wings and wing-fuselage combinations had shown no consistent
variation of CYr with configuration or 1lift coefficient. The value

of CYr was calculated from the formula presented in reference 1.
tail
The values of (g were determined by the method of reference 1. A
r

constant value of the factor b2Cnr for the tail-off condition was

assumed for all configurations and flight conditions on the basis of

experimental data on a number of configurations so that the magnitude

of Cnr varied inversely with the square of the wing span.

tail off

These experimental data did not show consistent trends in the variation

with configuration or lift coefficient and, since the value of

b Cnr is small compared with the value for the complete air-
tail off

plane, the assumption of a constant value of bgcnr seemed reasonable.

The value of Cnr was calculated from the equation given in
tail
reference 1.

LIMITATIONS OF ANALYSIS

This paper presents some preliminary results of a study of the
possibility of designing airplanes to have satisfactory inherent dynamic
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lateral stability. As pointed out previously, 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 Navy period
and damping requirements. The authors realize 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
preliminary 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 paper 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 general 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 super-
ficially similar to these configurations.

One reason that the stability of these hypothetical configurations
might be very different from the stability of actual airplanes is that
the theoretical values of the wing contributions to the stability deriva-
tives were assumed to be accurate for the entire range of 1lift coeffi-
cients covered by the calculations (Cp, = 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 data on such
designs that the values of the derivatives CZB, Cnp, and Clr may

diverge from the theoretical variation with 1ift coefficient at moderate
lift coefficients (Cr, near O.h) 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 fighter airplanes must be established before a reasonable
approach can be made to the problem of designing such airplanes to
have satisfactory inherent stability. The first part of the present
analysis therefore treats the stability of the series of basic
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configurations which are representative 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 presented in tables II and III and
figures 7 to 9.

Effect of sweepback and aspect ratio.- The data of figure 7 show
that at the low 1ift coefficient (Cp, = 0.06) the period and damping
were about the same for all the configurations. At the higher 1ift
coefficients, however, the damping became worse and the period became
shorter as the sweepback was increased and the aspect ratio reduced
simultaneously in the manner representative of present-day design
practice (configurations 1 to 4). Comparison of the data for configu-
rations 1, 3, and 5 shows that both of these factors were responsible
for this reduction in stability. There was some reduction in stability
when the aspect ratio alone was reduced (configurations 1 and 5) and
there was a greater reduction when sweepback alone 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 stability, the values of u, Ky, Kz, Czﬁ, Clp,

and Cnp are changed in the adverse direction by sweepback for con-

figurations 1 to 4, whereas the values of CnB and Cnr are changed in

the favorable 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 CnB

and Cnr are almost entirely caused by the reduction in the span on

which the nondimensional form of these factors is based; the changes in
Clp are caused by the change in aspect ratio; the changes in Cnp are

caused by the changes in sweep and in the span on which the coefficient
is based; and the changes in CZB 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 derivatives.-
Figure 8 and table III present the results of calculations 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,
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unswept and the 45° swept-wing configurations (configurations 1 and 3).
Although only one flight condition was considered (Cp, = 0.46; h = O feet),
the results obtained are believed to be indicative, at least at moderate
and high 1ift 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 configuration. The results

of these calculations show that, when either the mass parameters or one
of the stability derivatives CZB, Clp’ or C, for configuration 3

was changed to the value for configuration 1, the stability of configu-
ration 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 stability 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. Experimental data have shown
that the propeller provides a substantial increase in damping in yaw
-Cnr and, in many cases, a reduction in static directional stability

CnB. 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, a 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 generally 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 effect
on the stability of all configurations when compared at a constant Mach
number (M = 0.75). An increase in altitude at a constant 1lift coefficient
also had a detrimental effect for all configurations except configura-
tion 4 where the airplane 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 II shows that neutral stability
is approached as p 1is increased. The data are presented in terms of




NACA TN 3035 ’ 13

and —;— since 1

T1/2 Vir T1/2
for a one-degree-of-freedom oscillation the value of 617— would vary
1/2

directly with the value of V%:. The three-degree-of-freedom data of

‘ T
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 taken from the O- and 50,000-foot-altitude conditions at a

is a direct measure of damping and since

lift coefficient 0.46. The fact that Tj75 does not necessarily vary
1
directly with L for a three-degree-of-freedom motion, however, is
V)
illustrated in figure 9(b) where the variation is shown for an extended
range of u for configurations 1 and 4 and for another configuration
indicated as airplane A. The results for airplane A were included to
show that this nonlinear variation of —L— with —l—, which shows up
Ty/2 M
for configuration 4 only when values of u below the normal range are
considered, can occur in the range of normal values of p for some
airplanes.

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 inclination 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 beneficial,
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 relstive 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.
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Five of the aerodynamic stability derivatives generally have an -
important effect on dynamic lateral stability: CZB’ CnB, Ci s Cnp’
D

and Cnr. The derivative ClB can easily be changed independently of -

the others by varying the geometric dihedral. The derivatives Czp

and Cnp, however, cannot be changed appreciably by geometric changes

other than major changes in the wing plan form. The two derivatives
CnB and Cnr 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
—Cnr and thereby increases the damping but the accompanying increase

in CnB reduces the period. On a plot such as figure 7, this simul-

taneous 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 improving the
Dutch roll stability of modern high-speed fighter airplanes, configu-
rations 3 and 5 were chosen as basic configurations from which to work
since they were considered representative of proposed high-speed designs.
Five modifications to each of these basic airplanes were considered:

(1) Ky reduced to 0.65 times the basic value -
0

(2) KZo increased to 1.41 times the basic value
(3) X increased and K reduced simultaneously to 1.25 and
Zg Xo

0.65 times the basic values, respectively
(4) i, changed from 0° to -5°

(5) T adjusted to give zero C at a 1ift coefficient of 0.06
'p

These changes were considered separately and in various 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 -
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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 11l.

Effect of radii of gyration.- The designer is concerned with the
radii of gyration about axes which are fixed in the airplane and approxi-
mately coincide with the body and wing =xes. TFor this reason the
modified configurations were established by changing the radius-of-
gyration factors about the principal axes of inertia KXO and KZO.

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 KXO and KZO are therefore analyzed in terms of the

effects of Ky, Ky, and Kyg.

The magnitudes of the changes in KXO and KZO assumed for the

modified configurations were determined from the following considerations.
In order to obtain the maximum beneficial effect from the inertia changes,
the value of KXO was made as small as practicable. A study of moments

of inertia of a number of current and proposed designs indicated that a
value of Ky = of 0.0100 (0.65 times the basic value of 0.015k) was

probably the minimum value that could be obtained on a practical air-
plane. The determination of the value of Ko for the modified con-
o]

figuration was not so straightforward because the direction in which
KZO should be changed to give a beneficial effect is not always the

same. Since increasing KZO is generally beneficial from an overall

standpoint, however, only increases were considered in this analysis.
Since there is no definite maximum value to which KZO can be increased,

two relatively large values (1.25 and 1.41 times the basic value) were
chosen to illustrate the effect of varying KZO. These values are in

line with the general trend toward increased Ky which results from
)

the use of very long fuselages in the latest designs.

A reduction in the radius-of-gyration factor in roll KXO improved

the stability in almost every case for both configurations 3 and 5 as
shown in figures 10 and 11. The only exceptions were the two cases in
which KXO was reduced for the basic configurations at a 1lift coefficient

of 0.06. 1In 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 increasing
the product-of-inertia factor was greater than the favorable effect of
reducing Ky.
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There was no consistent effect of increasing the radius-of-gyration
factor in yaw KZO alone either for configuration 3. or configuration 5.

As shown in figures 10 and 11 there was generally an adverse effect of
increasing KZO for the low 1lift coefficients and a favorable effect

at the high 1ift coefficients. This result can be explained by the
following reasoning: At low angles of attack the increase in the
product-of-inertia factor Ky, which resulted from an increase in KZo

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 Kp. 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 Kg.

When KXO was reduced and KZO was increased simultaneously, the

stability at the moderate and high angles of attack was even better than
it was when KXO was reduced by itself. At the low angle of attack,

however, the stability was worse than it was for the basic configuration
or the configuration with reduced Ky . This result is illustrated in
o

figures 10 and 11 for both configurations 3 and 5. This simultaneous
change in both the radii of gyration seems somewhat betier than a
reduction in KXO 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. The engine is
located 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 fuselage. The
profile of configuration 3, which is representative of a current trend
in design, is shown in figure 12 for comparison. 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
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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 conmtributions to
the stability derivatives were changed.

The results presented in figures 10 and 11 show that the use of 50
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 condition (Cy, = 0.06) where it made all the conditionms
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 (CzB = O) at the low-lift-coefficient condition

since the use of greater negative geometric dihedral would probably make
the airplane uncomfortable to fly at the low angles of attack where the
effective dihedral would be negative.

The effect of negative geometric dihedral is shown by figures 10
and 11 to vary from a slight favorable effect to no significant effect
at the moderate and high 1ift coefficients. In many of these cases the
use of negative dihedral caused the time to damp to increase but, because
of the accompanying 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 1lift 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

2_q EKZ
2

p

Ky

Cp - 2C[Ky
P

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 a number of simplifications and generalizations. Examination
of the expression shows that the sum of the first two terms will almost
always be negative since Cnp is usually negative and -ECLKZ is
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always negative. Since (3 is always negative for practical flight

P
conditions and KX2 is always positive, the sign of the third term

will always be the same as the sign of KXZ‘ When KXZ 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 1is 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
KXz, and small value of Kyx) 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 made as
favorable as possible. 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 @/V, ¢/B, and ¢/ve by various
investigators. Although no definite requirement has been generally
accepted, it seems evident that increasing the ratio of roll to yaw
makes the lateral oscillation more objectionable. Some of the modifi-
cations covered in the present study which improved 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 Kxo

or increases in the yawing radius of gyration KZO 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 a subject for further study.

Another factor to be considered is the effect of the modifications
on the adverse yaw caused by a rolling acceleration and consequently on
the adverse rolling moments caused by the adverse yaw. An increase 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 designing 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
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from some other standpoint. 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 inherent dynamic lateral stability is

discussed in the following paragraphs.

Wing plan form.- One of the principal facts brought out by this
analysis is that the use of low-aspect-ratio and sweptback wings has a
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 Kxo as low as possible. This

feature appears particularly important if a highly swept wing is used.
For example, it appeared to be impossible to make configuration 3
satisfactory unless KXo 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 tajils located on a
boom over the jet exit are definitely undesirable from the standpoint of
dynamic stability. 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 modification 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.
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CONCLUSIONS

On the basis of the present theoretical analysis to determine the
design features that appear most promising in providing inherent Dutch
roll stability, the following conclusions 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 the relative density u, the effective dihedral -CZB, and the

yawing moment due to rolling -Cnp, and the decrease in the damping in

roll 'Clp 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 airplanes
to have substantially better inherent stability of the Dutch roll
oscillation than that of most current fighter designs. It is important
to design the airplane with the maximum aspect ratio and minimum sweep
that will permit attainment of the desired performance. For a given
configuration 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. 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 Laboratory,
National Advisory Committee for Aeronautics,
Langley Field, Va., August 19, 1953.
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TABLE I
DIMENSIONAL AND MASS CHARACTERISTICS
OF BASIC CONFIGURATIONS
Configuration 1 2 3 b p)
Wing:
A, deg 0 30 45 60 0
A L. L. 6.0 4.5 3.0 1.5 3.0
Ao 0.5 0.5 0.5 0.5 0.5
b, ft 50.0 43.4 35.4 25.0 35.4
S, sq ft M7 517 517 417 417
Vertical tail:
A, deg 0 30 45 60 0
A ... 1.6k 1.50 1.36 1.17 1.64
Ao ... 0.5 0.5 0.5 0.5 0.5
S, sq ft 45.5 50.1 55.0 6h.1 45.5
(1)gogos Tt ok.5 24.5 24k.5 2k.5 2.5
(2) g0, Tt 7.2 7.2 7.2 7.2 7.2
Mass charac-
teristics:
W, 1b 20,833 20,833 20,833 20,833 20,833
W/S, 1b/sq ft 50 50 50 50 50
(o0 13.0 15.0 18.4 26.0 18.4
@O 0. 1400 0.1448 0.1540 0.1768 0.15k40
Kz, 0.243 0.272 0.320 0.435 0.318
€, deg -2 -2 -2 -2 -2
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Reference Axis

Principatl
AxiS----
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wind Dwrection

Wind Direction

Azimuth Reference

Roll Reference

Figure 1.- The stability system of axes. Arrows indicate positive direc-
tions 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 perpendicular to
the relative wind, the X-axis is in the plane of symmetry and perpendi-
cular 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.
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Figure 2.- Basic configurations for which calculations were made.
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Figure 3.- Variation of mass parameters with sweepback.
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Figure L.- Variation of sideslip stability derivatives with sweepback
and lift coefficient.
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Figure 5.~ Variation of rolling stability derivatives with sweepback
and 1ift coefficient.
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Figure 6.- Variation of yawing stability derivatives with sweepback
and lift coefficient.
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Figure 7.- Stability of basic configurations.
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Figure 8.- Effect of the differences in mass parameters and individual
stability derivatives on stabllity of configurations 1 and 3.
Cr, = 0.46; h = 0 feet.
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Figure 9.~ Variation of damping with relative-density factor.
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Figure 11.- Stability of modified configuration derived from configuration 5.
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Figure 12.- Illustration of profile of an airplane designed to have
positive inclination of the principal longitudinal axis of inertla
and comparison with profile of configuration 3 which 1s representa-
tive of many designs.
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