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CALCULATED EFFECTS OF THE LATERAL ACCELERATION
DERIVATIVES ON THE DYNAMIC LATERAL STABILITY
OF A DELTA-WING AIRPLANE

By John P. Campbell and Carroll H. Woodling
SUMMARY

Calculations have been made of the dynamic lateral stability of
a 60° delta-wing interceptor airplane with the lateral acceleration
derivatives Cné and clé included and neglected. Calculations were

made for angles of attack of 10°, 20°, and 30°, with the airplane flying
at sea level and at an altitude of 50,000 feet. 1Including the lateral
acceleration derivatives in the calculations caused changes in stability
that were small at 10° angle of attack where the values of these deriva-
tives were small, fairly large at 20° angle of attack where the deriva-
tives were larger, and very large at 30° angle of attack where the deriv-
atives were very large. These results indicate the necessity for including
the lateral acceleration derivatives in calculations of dynamic lateral
stability. In practically all cases, including these derivatives caused
increases in the damping of the Dutch roll oscillation. The effects

of . Cné and Clé varied greatly when the airplane was assumed to have

different values of static directional stability CnB and effective
dihedral CZB. The effects on stability of varying thé yawing deriva-
tives Cnr and CZ} were different from the effects of varying Cné

and Clé; especially at the high angles of attack.

INTRODUCTION

Recent NACA research with wind-tunnel oscillation testing equipment
has shown that large values of the lateral acceleration derivatives Cné

and C,y B sometimes are obtained with highly swept V]%Nnéﬁ% M ﬂﬁﬁ?sLIBRARY

CHANCE VOUGHT ARCE *°T
INCORPORATED
DALLAS, TEXAS

FEB3 1955




NACA RM L54K26

of attack. (See refs. 1 and 2.) In the past, these derivatives have
usually been neglected in making dynamic-lateral-stability calculations
for airplanes because little information was available to permit rea-
sonably accurate estimates of the derivatives. Now that experimental
data on Cné and Clé have become available, a theoretical investiga-

tion of the effects of these derivatives on dynamic lateral stability

has been undertaken. In this investigation, calculations are being made
for a variety of configurations and flight conditions with the lateral
acceleration derivatives .included and neglected. Some preliminary results
of this investigation, consisting of stability calculations for a delta-
wing interceptor airplane, are presented in this report.

Since the values of Cné and Czé. appear to be appreciable only

at moderate and high angles of attack, the calculations for the delta-
wing interceptor were made only for angles of attack of 109, 20°, and 30°.
The calculations were made both for sea level and for an altitude of '
50,000 feet. The airplane was assumed first to have values of Cnb

and Czé of zero and then to have values of these derivatives similar

to those obtained from oscillation tests of a delta-wing model in the
Langley free-flight tunnel. ' :

SYMBOLS AND COEFFICIENTS

¢: éngle of bank, radians

¥ angle of azimuth, radians

B angle of sideslip, v/V, radians

\' airspeed, ft/sec

v sideslip velocity along Y-axis, ft/sec

v sideslip acceleration along Y-axis, £t /sec?

P rolling velocity, d¢/d£, radians/sec

r ‘ yawing velocity, dw/dt, radians/sec

8  rate of change of angle of sideslip, V/V, radians/seé

ub/EV reduced-frequency parameter

w angular velocity, radians/sec

ey bt

o
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mass density of air, slugs/cu ft

dynamic pressure, %QVE, 1b/sq ft

wing span, ft

wing area, sq ft

weight of airplane, 1b

mass of airplane, W/g, slugsA

acceleration due to gravity, ft/se02

relative-density factor, m/pr

angle of attacxk of principal.longitudinal axis of inertia5 deg
(see fig. 1)

angle between reference axis and principal longitudinal axis of
inertia, deg (see fig. 1)

angle of attack of reference axis, deg (see fig. 1)
angle of climb, deg (see fig. 1)

radius of gyration in roll about pr1n01pal longitudinal axis of
inertia, ft ’

radius of gyration in yaw about principal normal axis of inertia,
ft ' '

nondlmensional radius of gyration in roll about principal longi-

tudinal axis, kXo/b

nondimen51onal radius of gyration in yaw about principal vertical
axis, kZo/b

nondimensional radius of gyration in roll about longitudinal

stability axis, \ /Ky “cosn + Kg 2sin2n
Xo Zo-sin2y

‘nondimensional radius of gyration in yéwvabput vertical stability

'axis, \/k202c082n + Kxo2sin2q
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Kxz, nondimensional product-of-inertia factor, (KXOE - Kzoe>cos n sin 7
<Note that Kygz is negative for positive values of n.)

o1, trim 1ift coefficient, Lift/qS
Cy rolling-moment coefficient, Rolling moment/qSb
Cp yawing-moment coefficient, Yawing moment/qu'
Cy lateral-force coefficient, Lateral force/qS
CZB effective-dihedral derivative, rate of change of rolling-moment
coefficient with angle of sideslip, BCz/BB, per radian
Cn static directional-stability derivative, rate of change of .
B yawing-moment coefficient with angle of sideslip, BCH/BB,
per radian
Cy rate of change of lateral-force coefficient. with angle of side-
B slip, BCY/BB, per radian
Cy rate of change of rolling-moment coefficient with lateral-

B : T
~ acceleration factor, dCy BEE, per radian
av

rate of change of yawing-moment coefficient with lateral-

é .
acceleration factor, oCp BEE, per radian
2v

CYé rate of change of lateral-force coefficient with lateral-
acceleration factor, - BCY/BE%, per radian

Cnr damping-in-yaw derivative, rate of change of yawing-moment coef-
ficient with yawing-angular-velocity factor, oCp 6527 per

2v

radian

Cnp rate of change of yawing-moment coefficient with rolling-angular-

velocity factor, dC, 8%%, per radian

-
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Clp rate of change of rolling-moment coefficient with rolling-

angular-velocity factor, 801 Bgs, per radian

Clr rate of change of rolling-moment coefficient with yawing-angular-
velocity factor, aC, BEE, per radian
v
CYP rate of change of lateral-force coefficient with rolling-angular-
/
velocity factor, BCY/BEE, per radian
2V
CYr rate of change of lateral-force coefficient with yawing-angular-
velocity factor, oCy Bg%, per radian
t time, sec
s nondimensional time parameter based on span, Vt/b
D differential operator, d/ds
P period of oscillation, sec

Tl/2 time for amplitude of oscillation to change by a factor of 2
(positive value indicates a decrease to half-amplitude, nega--
tive value indicates an increase to double amplitude)

A,B,C,D,E coefficients of lateral-stability equation
FQUATTIONS OF MOTION

The nondimensional linearized lateral equations of motion, referred
to the stability axes, used to calculate the stability roots are as
follows: (These equations are the same as those of reference 3 except
for the addition of the ,Cné: Clé; and CYB terms and a change in the

sign of KXZ')
Rolling moment

2u (KX2D2¢ - KXZD?¢> CygB + 2 cz 3B + = chD¢ + % Cq, DV

S
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Yawing moment

2u (Kzznew - KXZD2¢) = Cog + 5 CogDB + 3 pD¢ + 2 Cy DV

Lateral force
2 = L
p.(DB + Dw) Cygh + 5 CYBDB + = CYPD¢ + Cr¢ + 5 Cy, DV + <CL tan 7>w

When ¢oe)s is substituted for @, voeMS for y, B,eMS for B in

the equations written in determinant form, A must be a root of the
stability equation

N

A)\,+B?\3+C?\2+D?\+E=o

where

A= 80 (KX2K22 - sz2> - 27 (Kx2K22 - szg> Cyp
B = -2u(2uKy°K,°C 2c 2C; - 2uKy,°Cy c
h(2HEy Ky "Cyg + WKy"Cp + WKZTCy = 2By Oy + byzCop +

1.2 2 1.2
MKx7Cn.. = = Kx“Ch Cys - uKx“Chy - = Kz“C3_Cy: Lk C C
XZ nyp L X “np-Yg X “ng i 2 Ylp¥Yg XZ¥ 14 YB

4

Cys = L Cp KyoCye + £ KyoCy Cne + X Ky2Cy C
quzzB LLn.pxzarB hxzy nB+uZY zB

1.2 1
=Ky Cy Co¢ + = KypCy Cye
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C = Wy ey, Cyg * 2Ky 2C ng * pxzzclchB

2 ' 1
)-HJ. KXZCIB + uCnpKXZCYﬁ - E uCanlr -

“KZZCYPC lg

1 1 1
= uCy1 Ch: + =CH C3 Cy: + = uC
gulpns 8n.perB eunp

1
MRy 2CngCyy -

1
- uKxZCy rCng = HxzCy, Crg - s N

Czé - UCIKXZCné -

“CLKzaczé - “KXQCnéCL tan 7 - WKyzCypCy, tan 7 +

1 . -1 1
3 C10v:np = § C C

1 .
D= - -)I Can1pCYB - }.lCZanB +

2
2uCrKxzlng - 2UOLKZCrg -

: 1 1
2HxzC10L, tan ¥ + ¥ Cy CnCy, = £ C

1
C1,Caglry * i CnCrgly, * CLCan

e

1
= CLclané tan y - m CLCnpclé tan ¥

anYrCl[.B - g erYané +

1
=C,. Cv Cy-
8 nr Yp IB

1
'): CanZrCYB + HCanZB -
24Ky, 2C tan y -

Ky nBCL 7

Cc, C -

1
-Lce, e+

1 1 :
E > Cy, (CanIB CernB> + > Cy, tan 7<CZanB np 'LB>

L

/z
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CALCULATIONS

Calculations were made to determine the period and damping of the
oscillatory mode and the damping of the aperiodic modes using the equa-
tions presented in the preceding section. The dimensional and mass char-
acteristics assumed for the airplane are presented in table I and the
flight conditions for which calculations were made are given in tables II
and III. Calculations were made for angles of attack of 10°, 20°, and 30°
for sea level and for an altitude of 50,000 feet.

Values of the stability derivatives used in the calculations are
given in tables II and III and plots of variations with angles of attack
of some of the derivatives are shown in figure 2. For 30° angle of attack,
four different combinations of the important sideslip stability deriva-
tives an and CZB were assumed as follows:

Combination CnB CIB
A -0.0573 0
B -.0573 -.0573
C . .0573 0
D . 0573 -.0573

Studies of force-test results for several delta-wing configurations have
indicated that, depending upon the particular configuration, any one of
these combinations of CnB and CIB might exist at 30° angle of attack.

Values of the rolling derivatives Czp and Cnp and the yawing deriva-
tives Cp, and C3, were estimated from experimental data obtained by
the NACA on delta-wing configurations; and the dcrivatives CYP’ CYf’

and CYQ were assumed to be zero.

Values of Cné and Clé were estimated from the data presented

in references 1, 2, and 4. In making the estimates of Cné’ values

of Cnr obtained from curved-flow tests (ref. 4) were subtracted from

s _ 2
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the values of Cp, = Cné of reference 2. For estimating Clé’ values

of Cnr - C Cnp: and Clr measured about the stability axes

né: Clp’
and values of Cp, - Cné cos 6 and Clp + Czé sin 6 measured about the

body axes (ref. 1) were substituted in the equations relating the stability-
axis and body-axis damping derivatives. The equations were then solved
for Clé' The data of references 1 and 2 were obtained at values of the

reduced-frequency parameter ub/2V of about 0.21 to 0.25. Subsequent
oscillation tests of a delta-wing model (results unpublished) have indi-
cated large effects of frequency, particularly at angles of attack above
about 15°. The effects of frequency are such that greater values of Cné

and Czé are obtained at the smaller values of ab/2V. In addition to

these results, some results (also unpublished) have recently been obtained
in the Langley stability tunnel which show that the wvalues of Cnr and

Ciy for a 60° delta wing in an oscillation are actually much greater

than the values obtained in the curved-flow tests of reference 4. The
values of Cp, and Czr used in the present calculations are therefore

probably smaller than they should be. These data also indicate that the
values of Cné and Clé used in the present calculations are too large

since they were obtained by subtracting the curved-flow-test values

of Cnr and Clr from the oscillation-test values of Cnr - Cné

and Cy,. - Clé- The overall significance of these additional unpublished

results in connection with the present calculations will be discussed in
the "Results and Discussion" section.

Calculations were made for each condition with Cné and Czé

neglected, with Cné included, and with both Cné ~and Clé included.

In addition to these three calculations for each condition, two other
calculations were made with Cné and Czé neglected - one in which Cp,

was increased by an amount which would correspond to Cnr - Cné and the
other in which Cp,. and Cj3, were increased to correspond to Cp, - Cné
and Clr - Clé’ respectively. These latter calculations were made to
determine whether Cnr and Clr might have the same general effects on
stability as Cné and 'Clé. It might be reasoned that such could be the
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case, since it appears that most of the terms of primery importance con-
taining these four derivatives in the coefficients of the lateral-stability
equation can be combined into terms involving Cnr - Cné and Cy ., - Clé-

RESULTS AND DISCUSSION

The results of the calculations are presented in tables II and III.

Some of the results showing the effects of Cné and Clé on the period

and damping of the Dutch roll oscillation are presented in figures 3
and L.

Effects of Cné and Clé

The data of table II and figure 3(a) show that for 10° angle of
attack the effects of Cné and Cip on either the Dutch roll oscillatory

mode or the aperiodic modes were quite small for both the sea-level and
50,000~-foot-altitude cases. The Dutch roll damping was increased slightly
by including Cné and still further by including both Cné and Clé'

The relatively small effect of the lateral acceleration derivatives at
10° angle of attack can be attributed to the fact that these derivatives
are small at this angle of attack as shown by figure 2.

For 20© angle of attack, the data of table II and figure_j(b) show
that substantial improvements in Dutch roll damping at sea level and at
50,000 feet were obtained by including Cné and Clé in the calcula-

tions. The changes in the damping of the aperiodic modes resulting from
inclusion of Cné and Czé at this angle of attack, however, were very

small.

The data of table IIT and figure 4 show that at 30° angle of attack
the effects of CnB and CZB were very pronounced for both the Dutch

roll and aperiodic modes of some of the combinations of CnB and CIB

In most cases the damping of all the modes was increased. An extreme
change from a high degree of instability to a high degree of stability.
of the Dutch roll oscillation was obtained with combination D by
including the acceleration derivatives. On the other hand, including
CnB “and CIB in the case of comblnatlon A caused only relatively minor

changes in Dutch roll damping. These results indicate that the effects
of Cné -and Clé are greatly dependent on the values of the other
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stability parameters such as CnB‘ and ClB- A detailed analysis of the

results of this and othef similar investigations might reveal the reasons
for some of the differences in the effects of Cné and Clé for differ-

ent cases but more than likely it will not be possible to make any gen-
eralizations regarding the effects of these derivatives. Previous studies
of dynamic lateral stability have indicated that it is unwise to attempt
to generalize regarding the effect of any given stability derivative
because of the strong interdependence that exists between most of the
derivatives.

As pointed out in the "Calculations' section, values of Cp

ng
and ClB used in the present study were estimated from osc1llatlon test

data obtained at values of ab/2V from about 0.21 to 0.25. The results
of the calculations, however, show that for the flight conditions con-
sidered in this investigation the values of ab/2V are in most cases
much smaller than 0.21. As stated previously, unpublished test results
obtained with a delta-wing model subsequent to the tests of references 1
and 2, have indicated that the values of Cné and Clé are much larger

at the lower values of ab/2V, particularly for angles of attack above 15°.
On this basis it would appear that the values of Cné and ,Czé used in

the present calculations for 20° and 300 angle of attack are too small.
On the other hand, as pointed out in the "Calculations" section, the
additional unpubllshed results on the derivatives Cp, and C3, 1indi-

cate that the values of Cné and Clé used in the calculations are too

large. A preliminary analysis of the limited amount of data available
at present indicates that these factors are roughly compensating so that
the values of Cné and Clé used are at least of the right order of

magnitude. In any event, it is unlikely that the changes in Cné
and Clé which might be involved would alter the principal conclusions
drawn from these calculations - that the effects of Cné " and Clé are

appreciable and that these derivatives should be considered in studies
of dynamic lateral stability.

Effects of Cnr ahd_ Clr

The results of calculations made to determine whether Cnr and Czr

have the same effects on stability as CnB "and Clé are presented in

L
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tableé ITI and III. 1In each group of five rows in these tables, the
second and fourth rows afford a comparison of the effects of Cné

and Cnr while the third and fifth rows give the results when either

Cné

and Clé or Cn. and Czr were changed.
It is apparent from the results presented in tables II and III that
the effects of Cné and Clé cannot always be properly simulated by

making corresponding éhanges in Cnr and Clr' The differences between

the effects of the B and r derivatives were especially gfeat at 30°
angle of attack. Since, for the purpose of this report, this general
result is the only one of interest in connection with the Cnr and Clr

calculations, no detailed discussion of these results will be given.
CONCLUDING REMARKS

The results of the dynamic-lateral-stability calculations for the
60° delta-wing interceptor airplane with the lateral acceleration deriva-
tives Cné and Clé included and neglected can be summarized as follows:

1. Including Cné and Czé in the calculations caused changes in

stability that were small at 10° angle of attack where the values of
these derivatives were small, fairly large at 20° angle of attack where
the derivatives were larger, and very large at 30° angle of attack where
the derivatives were very large. These results indicate the necessity
for including the lateral acceleration derivatives in calculations of
dynamic lateral stability.

2. In practically all cases, including Cp: and Cj;: caused
B g

increases in the damping of the Dutch roll oscillation.

3. The effects of C and C3: varied greatly when the airplane
13 Yy _

ng

was assumed to have different values of CnB and ClB.
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L. The effects on stability of varying Cnr and Czr were differ-
ent from the effects of varying Cné and CZQ: especially at the high
angles of attack.

Langley Aeronautical Laboratory,
NationaX¥ Advisory Committee for Aeronautics,
Langley Field, Va., November 16, 1954.
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TABLE I

DIMENSIONAL AND MASS CHARACTERISTICS ASSUMED FOR AIRPLANE

Weight, 1b . . . . -~ S 5 8)
Wing loading, lb/sq ft s |
(p,)h_ « e e e e . I B R 5

KXQ................‘.......;......0.0135
O e o< T 1

€, ABE + + « v v+ e s e e e s e e e e e e e e e e e e e e e s 1.2

Wing: ) : :

Area, SQ £t « v v v v e e e e e e e e e e e e e e e e e e e 662
SPan, fE « « o « ¢ e 4 v e e s e e e e e e e e e e e e e ... 381
Aspect ratio . . . e e e e e e e e e e e e e e e e 2.2
Sweepback of leading edge deg e e e e e e e e e e e e e e 60

Vertical tail:
Area, SQ Tt o o ¢ ¢ ¢ 4 e v e e e e e e e e e e e e e e e 6
Span, fE ¢« v o v vt i e e e e e e e e e e e e e e e e e e 8.
Aspect ratio . . . . e e 8 s e 8 s s e o e s & o 1
Sweepback of leadlng edge, deg .« . .
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: \Reference axis
Principal axis__ °
X ~
Flight path’

Horizontal axis

Wind direction

J
Azimuth reference

Figure 1.~ The stability system of axes and angular relationships in
flight. Arrows indicate positive directlons 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 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.
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Figure 2.- Assumed variation of stability derivatives with angle of attack.
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. Periods >20 seconds are indicated
by numbers besde symbols.

A long period oscillation was aiso
obtained with combinahon G.(See tableIIL)
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-12 -
Ty ,secoog N
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35
0 ! L | . [ 1 T 25 |
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P, sec
(a) Sea level (n = 0).
Figure L.- Effect of ‘Cn'f3 -and C‘Zé on period and démping at 30° angle

-of attack for various combinations of ' CnB. and 'CZ .
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: Periods > 20 seconds are Indicated
R Q by numbers beside symbols.
A long period oscillation was also
8 obtained with combination C(See tableTL)
—D |-C -8
42$;
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Ti ,sec o s Y% ‘<(|:)] 77
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0 4 8 12 i6 20 > 20
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(b) h = 50,000 feet.

Figure L4.- Concluded.
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