PSR
0 “-(}, ’ f’,’;
» \/f
3
=t
T B
e INATIONAL ADVISORY COMMITTEE
O .
Z FOR AERONAUTICS
TECHNICAL NOTE 2409
SUMMARY OF METHODS FOR CALCULATING DYNAMIC LATERAL
STABILITY AND RESPONSE AND FOR ESTIMATING
LATERAL STABILITY DERIVATIVES
By John P, Campbell and Marion O. McKinney
! Langley Aeronautical Laboratory
~ Langley Field, Va.
i
{
S PRIBUTION STATEMENT A
Approved for Public Release
Distribution Unlimited
Washington
July 1951
o Reproduced From
g ‘_ Best Available Copy 2 0 0 0 0 8 1 6 1 5 4

AQ Mgyl -3H7



NACA TN 2409

TABLE OF CONTENTS

SUMMARY.
INTRODUCTION. . ...

SYMBOL S . . v v v v v v v e s v e e e e s e e e
CALCULATION OF LATERAL STABILITY
AND RESPONGSE e e e e e e e e e e e

CAICUIATION OF PERIOD AND DAMPING .

CALCULATION OF MOTIONS .

Motions Resulting from Initial Angular Displacements
and Angular Velocities and from Constant Impressed
Forces and Moments . . . . e e e

Motions Resulting from Arbltrary Disturbances .

CALCULATION OF STABILITY BOUNDARIES .
Oscillatory Stability Boundaries
Spiral Stability Boundaries . . .

ESTI

ATION OF LATERAL STABILITY
DERIVATIV e e e e e e e e e e e e

ES.
GENERAL REMARKS .

THE SIDESLIP DERIVATIVES CY 5 Cn ) CZ .
B U8 'p
C e e e e s . .
g

Page

10
11
12
23
2L
26

27
27
29
30

32
34

37
37
39
L2



THE YAWING DERIVATIVES Cp , Cy , AND‘CYr .
T r

Cnr

Clr

C
Yr
EFFECTS OF MACH NUMBER
EFFECTS OF POWER
TINADEQUACIES IN PRESENT INFORMATION AND METHODS .
Transonic and Supersonic Speeds . e e e
Subsonic Speeds . . . . .
APPENDIX A - EQUATIONS OF LATERAL MOTION

APPENDIX B - APPLICATION OF THE LAPLACE TRANSFORMATION
TO CALCULATING MOTIONS e e s e e e e e s

APPENDIX C - SOLUTION OF BIQUADRATIC EQUATION .
Solution by Trial by Means of Synthetic Division
Solution by Descartes! Method . e e e e e

APPENbIX D - SPECIAL NOTATION USED IN CALCULATING MOTIONS
WHEN THE CHARACTERISTIC EQUATION HAS COMPLEX ROOTS

REFERENCES

ii

NACA TN 2409

Page

43
43
L
45

L6
48

20
X
51

54

56

59

29
6l

66
T0



NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

TECHNICAL NOTE 2409

SUMMARY OF METHODS FOR CALCULATING DYNAMIC LATERAL
STABILITY AND RESPONSE AND FOR ESTIMATING
LATERAL STABILITY DERIVATIVES

By John P. Campbell and Marion O. McKinney
SUMMARY

A summary of methods for making dynamic lateral stability and
response calculations and for estimating the aerodynamic stability
derivatives required for use in these calculations is presented. The
processes of performing calculations of the time histories of lateral
motions, of the period and damping of these motions, and of the lateral
stability boundaries are presented as a series of simple straightforward
steps. Existing methods for estimating the stability derivatives are
summarized and, in some cases, simple new empirical formulas are pre-
sented. Reference is also made to reports presenting experimental data
that should be useful in meking estimates of the derivatives. Detailed
estimation methods are presented for low-subsonic-speed conditions but
only a brief discussion and a list of references are given for transonic-
and supersonic-speed conditions.

INTRODUCTION

Dynamic lateral stability has not received widespread attention in
the past because it has not generally been a serious problem in the
design of airplanes. Consideration of dynamic lateral stability has
recently become more important, however, because current design trends
toward the use of low aspect ratio, sweepback, and higher wing loading
have, in many cases, led to unsatisfactory dynamic lateral stability.
Airplane designers are therefore finding it necessary to make such calcu-
lations in connection with the design and modification of airplanes. In
many cases these calculations are difficult to perform for designers who
have had no previous experience in theoretical stability work because
most of the published theoretical analyses are not presented in a form
that is especially suited to the computation of dynamic stability. The
estimation of the stability derivatives required in dynamic stability
calculations has also been found to be difficult in many cases. Although
theoretical and experimental data on these derivatives have appeared in
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numerous publications, no single publication has presented methods for
estimating the derivatives for all types of airplanes.

One approach to a presentation of methods of calculating stability
and estimating stability derivatives in a form suitable for use by
designers was made by Zimmerman in reference 1. Although this report
has proved to be of valuable assistance to designers in making dynamic
stability calculations, recent trends in airplane design have caused its
usefulness to be seriously limited. For example, the equations of refer-
ence 1 do not include the product-of-inertia terms which have been shown
by recent studies to be very important in some cases. (See references 2
and 3.) Moreover, the calculation of the time histories of lateral
motions, one type of calculation that has been the subject of increasing
interest in the last few years (references 4 to 7), is not covered in
reference 1. The methods of estimating stability derivatives presented
in reference 1 are also limited because they apply only to airplanes
having unswept wings with an aspect ratio of 6 operating at speeds at
which compressibility effects are negligible. The purpose of the present
paper is to extend the methods of reference 1 to include the methods of
computation which are of current interest to designers and to include
methods of estimating derivatives for configurations and flight conditions
which are now being considered.

This paper summarizes and reduces to simple straightforward steps
methods for computing the time histories of lateral motions, the period
and damping of these motions, and the lateral stability boundaries.
Existing methods of estimating stability derivatives for a variety of
airplane configurations are summarized and, in some cases, simple new
empirical formulas are presented. Reference is also made to reports
presenting experimental data that should be useful in making estimates

of these derivatives.
SYMBOLS

All forces and moments are referred to the stability system of axes
which is defined in figure 1. The following definitions apply to the
symbols except where they are otherwise defined:

m : mass of airplane, slugs

S _ wing area, square feet

T wing mean chord, feet (b/A)

b wing span, feet

¥a span of that part of wing that has tip dihedral, feet
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tail length (distance from center of pressure of vertical
tail to center of gravity, measured parallel to longi-
tudinal stability axis; values of 1 must be calculated
for each angle of attack), feet

average fuselage height at wing root, feet

average fuselage width at wing root, feet

vertical distance of quarter chord of wing root chord from
fuselage center line, positive downward, feet

nondimensional time parameter based on span  (Vt/b)

longitudinal distance rearward from alrplane center of
gravity to wing aerodynamic center, feet

longitudinal distance from leading edge of vertical tail
chord to horizontal tail aerodynamic center, feet
(see fig. 6)

vertical distance from horizontal tail to base of vertical
tail, feet (see fig. 6)

height of center of pressure of vertical tail above longi-
tudinal stability axis; values of 2z must be calculated
for each angle of attack, feet

aspect ratio

sweepback of wing quarter-chord line, degrees

taper ratio (Tip chord/Root chord); also, differential
operator in Laplace transform

dihedral angle, degrees (see sketch of fig. 9)
dihedral angle of wing tip, degrees

time, seconds

airspeed, feet per second

radius of gyration about principal longitudinal axis of
inertia, feet

radius of gyration about principal normal axis of inertia,
feet
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radius of gyration about X axis, feet

(\/kxozcoszn + kZO2sin2n) ¥

radius of gyration about Z axis, feet
(szoecosgn + kxoesinen)

Ky /b
kg, /b
ky /b
kg /b

product-of-inertia factor «kzog - kxog) sin 1 cos n)

3

%‘;\
angle of attack of principal longitudinal axié of inertis,
degrees (see fig. 2)
angle of climb, degrees (see fig. 2)

angle of attack of longitudinal body axis, degrees
(see fig. 2)

angle between principal longitudinal axis of inertia and
longitudinal body axis, degrees (see fig. 2)

air density, slugs per cubic foot

angle of bank, radians
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A,B,C,D,E

P1,Pp, ... Py

Morpshg,hy
D

P

T2

.

o

angle of yaw, radians

angle of sideslip, radians

rolling velocity, radians per second (dg@/dt)
yawing velocity, radians per second (d¥/dt)
initial angle of bank, radians

initial angle of yaw, radians

initial angle of sideslip, radians
nondimensional initial rolling velocity (d@/do)
nondimensional initial yawing velocity (dW/da)
Routh's discriminant or real part of complex root R + Ii
imaginary part of complex root R + Ii

coefficients of the characteristic biquadratic equation

factors of the B, C, and D coefficients

roots of characteristic biquadratic equation

differential operator (d/do)
period of the lateral oscillation, seconds

time to damp to one-half amplitude, seconds

time conversion factor (m/pSV)
nondimensional time factor (t/7)
relative density factor (m/pSb)
impressed rolling moment, foot-pounds
impressed yawing moment, foot-pounds

impressed lateral force, pounds
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Czc impressed rolling-moment coefficient
Cne impressed yawing-moment coefficient v
CYC impressed lateral-force coefficient
CL, 1ift coefficient (Lift/qS)
Cp drag coefficient (Drag/qS)
Cy rolling-moment coefficient (Rolling moment/gSb)
Cp yawing-moment coefficient (Yawing moment/qSb)
Cy lateral-force coefficient (Lateral force/qS)
a dynamic pressure, pounds per square foot (%pvé>
3y,
Lo = & |
2
- Cr,
<CDO><L - &(CD T A
2
C
C1, = BCz
R v
C Ln
g T B
L
Y8 7 3B
aCy
Cip = SR
v
oCp
Cp = —=
np = pb
2v
o 2T
Yp 52.9 -
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o oCy
ly = N
2V
c oCp
Op =~ N
2V
oCy
“Yr T 3rb
2V
dCzB
CZBP T Tar
uCzB
lo = 775
B ory®
HCnB
np = —%
CYB
g T o
C1
R 2
P oug,?
C
_ M
fp = .2
Lx,
Cyp
Ip T Iy
Czr
1 =
T MKXE
Cnr
Ilr = B




Subscripts:

wing
fus
tail
design

data

exp
V-tail
e

H
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increment in CnP produced by 1ift and induced-drag
forces '

increment in Cnp produced by drag not associated with
lift

horizontal tail

section 1ift curve slope

wing

fuselage

used to designate vertical tail

used to designate design under consideration

used to designate design for which force-test data are
available

experimental
V-tail
effective

horizontal tail
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N CALCULATION OF LATERAL STABILITY

AND RESPONSE

Various types of calculations may be performed to indicate in some
way the stability of an alrplane or the response to gust disturbances
and control manipulations. The calculations most commonly made are cal-
culations of time histories of disturbed motions, period and damping of
the free motions, and spiral and oscillatory stability boundaries (lines
of neutral damping of the spiral mode and of the lateral oscillations).
Step-by-step procedures for performing these types of calculations are
explained in the text and derivations and additional pertinent material
are presented in appendixes A to D.

The period and damping calculations are the easiest of the three
types to perform. For this reason, and because the dynamic lateral
stability of airplanes is at present specified in the flying-qualities
requirements in terms of the period and damping of the lateral oscilla-
tion, period and damping calculations are probably the most commonly
performed.

Recent dynamic stability work has indicated, however, that the

reriod and damping characteristics of the free motions of an airplane .
are not always. a sufficient indication of whether the dynamic behavior
of an airplane following various types of disturbances will be con-
sidered satisfactory. For this reason the calculation of time histories

- of the motions of airplanes is becoming more common despite the fact
that these calculations are fairly laborious. The increasing use of
automatic computing machines has also made the calculation of motions

14 more popular.

For many years, calculations of stability boundaries were the type
of calculation most commonly performed. In recent years, however, sta-
bility boundaries have not been considered to give an adequate indica-
tion of stability. Since boundaries are useful in some cases, however,
(for example, for quick approximation of the effects of changes in
dihedral and tail area) the methods of calculating the spiral and oscil-
latory stability boundaries are described herein. Lines of constant
period and damping of the lateral oscillation are related to stability
boundaries (lines of neutral stability). In some cases these lines of
constant period and damping may prove more useful than boundaries. Since
no extensive use has been made of lines of constant period and damping,
however, the methods of calculating these lines (presented in refer-
ences 8 and 9) are not given in the present paper.

The equations and methods of calculation presented in the present
paper deal specifically with the inherent motions of airplanes for the
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case of three degrees of freedom (roll, yaw, and sideslip) and linear
stability derivatives. In order to perform similar calculations for
cases involving additional degrees of freedom, nonlinear derivatives,
or autopilots with time lag, special equations are required. The
methods and equations for treating these cases are presented in refer-
ences 10 to 18. Additional degrees of freedom for the case of free
controls are treated in references 16 to 18 and for the case of fuel
sloshing are treated in reference 10. The use of nonlinear derivatives
in stability calculations is covered in reference 11. Methods of
treating the effect of autopilots, including the effect of time lag in
the autopilot are presented in references 12 to 15 and 19.

For some cases the effects of aerodynamic time lag are important.
There are two different sources of such lag: (1) the time required for
an aerodynamic impulse to travel from one component of the airplane to
another (for example, the time required for a change in sidewash at the
wing to reach the tail - a phenomenon commonly referred to as lag of
sidewash); and (2) the time required for the growth and decay of the
aerodynamic loads on the airplane components. For both of these cases
the time-lag effects usually become increasingly important as the period
of the lateral oscillation decreases. The effects of the first type of
time lag can be accounted for in some cases by modification of the sta-
bility derivatives. For example, the effect of the lag of sldewash on
the derivative Cnr is discussed subsequently under the section on

"Estimation of Lateral Stability Derivatives". In many cases, how-
ever, both types of time lag will require special stability equations.
No general treatment of these cases has been published but an indi-
cation of the method of treatment may be obtained from the treatments

of autopilot lag in references 13 and 15.

CALCULATION OF PERIOD AND DAMPING

As pointed out in references 1 and 2, the period and damping of the
various modes of the lateral motion may be calculated from the roots of
the characteristic equation

¥+ B3+ 2 + DL+ E =0

by the equations

and
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where R represents a real root A or the real part of a complex root
»=R=* Ii and I represents the imaginary part of a complex root.
Negative values of T1/2 represent the time required to double amplitude

for unstable modes of the motion.

The values of the coefficients A, B, C, D, and E may be
obtained by the method given in steps 1, 2, and 3 of the section on
"calculation of Motions". If the period and time to demp are to be cal-
culated for a number of related cases, however, the values of the coef-
ficients A, B, C, D, and E may be more conveniently calculated by
a tabular procedure such as that shown as table I for making boundary
calculations.

Methods of determining the roots of the biquadratic characteristic
equation are presented in appendix C.

CALCULATION OF MOTIONS

Calculation of the lateral motions of an airplane involves the
integration of three simultaneous differential equations (see
appendix A) to obtain a general solution in terms of the mass and
aerodynamic parameters of the airplane. The general equations, once
obtained, can then be used to obtain numerically the motions of any
airplane in terms of the variation with time of the angles of bank, yaw,
and sideslip or some function of these angles such as rolling or yawing
velocity. Various methods, such as those given in references 20 to 22,
are of course available for integrating the differential equations.
Since the problems met in airplane dynamics are fairly complex, however,
many of these methods are not suitable because of the difficulties of
computation that arise. The method given in reference 4 (based on the
Heaviside operational calculus) is satisfactory for calculating the
forced motions following application of external forces or moments but,
without modification, this method cannot be used to calculate the motions
resulting from initial displacements in bank, yaw, or sideslip or from
initial values of rolling or yawing angular velocity. A solution based
on the Laplace transformation is more satisfactory than that based on the
Heaviside operational calculus because it permits direct calculation of
the free motions following any initial condition, in addition to calcu-
lation of the forced motions following application of external forces and
moments. The application of the Laplace transformation to the calculation
of lateral motions is outlined in appendix B. The material presented in
this appendix is similar to the work presented in references 5 and 6
except that the mass and aerodynamic stability derivatives have been com-
bined as shown in appendix A to reduce the number of arithmetical and
algebraic processes required in numerical solutions.
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The process of calculating the motions is presented as a series of
simple though lengthy arithmetical and algebraic steps so that an under-
standing of the calculus involved in solving the differential equations
is not required. The method as shown is suitable for calculating the
motions as variations of @, V¥, B, p, and r with time for the case
of the free motions following initial angular displacements (¢0, Vo,
and B,) and angular velocities (D¢)o and (D¥), and for the case of
the forced motions resulting from constant impressed forces and moments
(LC, N., and YC). These are the cases for which motions are usually
calculated. It is also possible to calculate the motions resulting from
impressed forces and moments which are arbitrary functions of time by

the methods explained in references 6 and 7.
Motions Resulting from Initial Angular Displacements and Angular

Velocities and from Constant Impressed Forces and Moments

The six steps involved in obtaining a specific solution for the
lateral motions of an airplane are:

Step 1: Determine values of the following parameters:
(a) Mass characteristics:

m, kXo: kZO1 n, and p

(b) Geometric characteristics:
S and D
(c) Flight conditions:
Vv, Cp, and 7
(a) Aerodyﬁamic stability derivatives:
CZB, CnB, CYB, Clp’ Cnp, CYP, Czr, Cnr’ and CYr

The methods of determining the values of the aerodynamic stablility
derivatives are given in subsequent sections of this paper.

In cases where impressed forces and moments are used as disturbances,
determine the values of the factors

CZC, CnC’ CYC

that are appropriate to the particular problem.
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Step 2: From the known factors, evaluate the following parameters
which are the stability derivatives in the form in which they are used
in the calculation of motions:

.. K - Xz _n _
17 g2 2 7 g2 T sV = osb
4 B 1
g =—+t5¢C ng = ——=C vg = 5 C
B~ ok B B~ oxg2 B B2
1 1 1
lp = C1 = ——= Cn yp = Cy
P LKXQ p Op AKZQ 3¢ P~ Iy vip
1 1 1
lp=—5C = —==C = C
T i T g2 BRI TR

Also, when

impressed forces and

moments are used, evaluate

=
—

o b _ B -1
le = — Cq,, n, Cn, Yo = 5 Oy,

The values of KXE, KZE, and Kyy can be determined from the following

expressions
Kxg = Kxogcosgn + Kzogsingn
2 2 el 2l
= K + K
Ky Zo cos™n X sin“n
Kyg = (KZOQ - KXOQ) sin 7 cos 7
where kx
0
K6 = 3
kz
_ 4o
KZo T b

Step 3: BSolve for the values of the appropriate ones of the
following coefficients from equations (1) to (k4):
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In all cases solve for the values of A, B, C, D, and E:

B

P1 - Ay

C = -Pryg * Po + Pgyp + Pgyy - Pg

S (1)
CL CL

D= P5 5t Pg > tan y + P7
C1, C1,

E=P3§-+Pu-—2—tan7 Y

where

Pl = -ZP -n. + KlnP + Kol

Py = lphy - lpny

P3 = IBnr - ZrnB

P, = lpng - lgnp

P5 = Kyng - ZB

Pg = KQlB - ng

P7 = 'P2yB + P3yP + Pyy. - Py
The quantities Py to P7 are factors of the coefficients B, C, D,
and E which are combinations of terms that occur frequently in calcu-

lations of motions resulting from initial angular displacements and
velocities and which are consequently grouped together for convenience.
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Calculate the values of ag, &7, . . . an when solving for the

angle of bank ¢ or the rolling velocity p:

-\
8p = PoA

ay = §B + (DF)A

s = ¢oC -BoP5 + (D¢)o<"AyB + Krl,. - nr) -

(D"’)O(Klnr - Zr) + lc - 0Ky

C C
ay = ¢O(P6 ?L tan y + p7) - ¥ oPs -211 tan y - ByP3 + (1)525)0(1>6yr -

P6 - KQZryB + nryﬁ) + (W)o<'P5yr + P5 + Kl'n'ryB - lryB) - 5’

Zc(n.r + yﬁ) + n, (KlyB + ZI.) - ycP5
CL
a) = (¢0Pu - YoP3 + (D¢)OP6 - (DW)OP5)—2—- tan y +
Zc(nl3 - Og¥p t nryg) ‘+ nC(ZByr - ZB - ZryB) - IYCP3

a5 = (—chﬁ + nclB)%Ii tan y
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Calculate the values of Dby, by, .- - . b5 when solving for

angle of yaw V or the yawing velocity r:

bo = \!foA

=y ,B + (DV) A

o'
=
I

o
Il

lCKQ + n,

o
w
|

n.pyB> + (DW)O(P5YP - Kyngyp + ZPyB)+ ZC(KQ'YB + nP) _

ng (ZP + yB) - ¥.Fs

c
by = [‘¢0P1+ + ¥oP3 - (DF)oPe + (D‘II)OP;J_QI; *le (nByP i
npys) *oc (Zpya i Wp) T Vet

CL
b5 = (1an - nCZB)‘é—

5 \IIOC - BPg - (D¢)o (ngp - n_p) + (DW)O(-AyB + Ky, - zp) -

Cr, Cy, | \
= BP6 5 + \lro<P5 = * P7) - BoPy + (D¢)O(-P6yp + Kplpyp -

N

> (3)
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Calculate the values of cpg, ¢, . . ., cu' when solving for the

angle of sideslip B:

co = Boh N

CL, CL
cy = P A = * VA 5 tan 7y + BoPy + (D¢)0AyP - (DV)A(y, - 1) + ycA

CL, CL CL,
cp = ¢OPl 5+ VP 5 tan y + B P, + (Dg) [ 5 - Kelpyr + Kélp +

C

L
Ly, = n, + (Kglr - nr)y%] + (DW)O[% 5 tan y + Kyngyy -
Klnp-lpyr+l '(1“1"7’)J+7’< Y. +K +y)
nc<yr -1- Klyg) + ¥cPp

CL CL CL CL
c3 = ¢0P2 > + V¥ Po 5 tan y + (D¢)0<}K21P Er—tan 7 + n, 5 tan y +

Kolp 5 - op 5 )+ (D¥)o(Kinp 5 tan 7 - 1p 7 tany -
C1, Cy, Cr, Cr
Kinp 5 + lr?) ¥ Zcepyr "hp -yt g - Koz teny )4

' cr, (L
n. —lpyr + ZP + Zryp - Ky 5 + = tan 7y} + ycPE

(n,p—tany nT2>+n<CL _Ltan/) )

Step 4: Solve for the roots Xy, Ap, A3, and ), of the
biquadratic equation

MF i Bm3 + 2 DL+ E =0

(5)
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where the values of the coefficients A, B, . . ., etc. were given by
the solution of equations (1). Methods of determining the roots of the

biquadratic equation are given in appendix C. :

Step 5: Use the coefficients obtained from equations (1) to (%)
and the roots of equation (5) to solve for the following coefficients:

Calculate the values of the factors Ay, Ao, . . ., Ag when
solving for the angle of bank ¢ or the rolling velocity p:

i

~
Al _ 8.0)\-15 + alklu + &2Xl3 + 8.3XJ_2 + ah)\.l + 8.5

6Axl5 + 5]3)\.11‘L + MCX13 + 3DX12 + 2EA
A2 - &0X25 + alXEh + %X23 + 8.3X22 + ahXQ + 8.5

6Mh,0 + SBA, ' + BCAyO + 3DAy° + 2Ehp

5 L 3 2

A3 _ a0x3 + alk3 + a2x3 + a3x3 + ahx3 + a5

6AA35 + 5BX3h + MCX33 + 3DA.32 + 2EX3 >k (6)
Au _ aoxh5 + alxh“ + a2X43 + a3ku2 + ahkh + a5

6any + 5BAYY + honS + 3D + 2B,

]
A5 = &
: )

Ag = f(ah -85 § J
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Calculate the values of the factors B;, Bp, . . ., Bg when
solving for the angle of yaw V

B3

B),

i

L 2
borp” + byryt + bohy3 + barg® 4 ByAy + b

602 + 5BA % + boag3 + 3002 + 2EA;

i 2
bokgs + bllz + b2X23 + b3k2 + buke + b5

67 + 5Bt + hono3 + 302 + 2EA,

bok35 + bll3h + b2X33 + b3X32 + th3 + b5

6Ax35 + 5Bx3h + hcx33 + 3Dx32 + DEA

bohy> + Biat + bohy3 + bad® + byhy + by
L

+ thu3 + 3Dx42 + 2EAY

6Axu5 + 5BA)

or the yawing veloclty r:

N

19

(7)
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Calculate the values of the factors C;, Cop,

solving for the angle of sideslip B:

. C0Xl5 + cl)\.lh + szls + C3X12 + C)_“A.l
=
67 + 5B + orgd + 3007+ 2EN
L 3 2
o - cOX25F+ clxg + che + c3x2 + cukg
2T e L 3 2
My~ + 5By + UCro” + 3DAp + 2EMp
. _ Cox35 + C1X3)+ + C2X33 + C3X32 + C)+X3
3 6mrg” + 5Bx3“ + horg3 + 30052 + 2EAg
- COXM5 + cl)»h_lL + c2xh3 + c3Xu2 + cuXM
YT D 1+ 3 2,
y~ + DBhy + Leay” + 3DAy - + 2B
C
L
5 =%
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.5 C5:,when

J

If equation (5) has conjugate complex roots, the values of the
coefficients (equations (6) to (8)) corresponding to these roots will
be conjugate complex. In order to facilitate treatment of this case 1t
This special notation

is convenient to establish some special notation.
is explained in appendix D.
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Step 6: The equations of motion are written in different form
" depending upon the roots of equation (5). If the characteristic equa-
tion has four real roots A1, A2, A3, and M4, the general form of

the equations of motion is used, as follows:

oA 25 ar or R
g = Ae 1y Ase 2 4 Age 34 Aye by Aso + Ag
oA oA oA oM )
¥ = Bje 1 Boe 2 4 B3e 34+ Bye 4 + B50 + Bg
oA oA oA oA
B = Cye 1y Coe 2 4 Cse 34 Cue by Cs f (9)

1 oAy Oho 0X3 oAy,
=T Alxle + Aphoe + A3x3e + Auxhe + A5

oA oA oA oA
- #Qslxle L4 Bphpe 2 4 Bghge 3 4+ Bye ot o+ B )

Lo)
1

o}
1

If, as is generally the case, equation (5) has two complex roots and two
real roots (R + Ii, R - Ii, k3, and Xu), the equations of motion may be
expressed as

‘\

oR oA cxh
@ = Kpe  cos(oI + ay) + Age 3+ Ape + A50 + Ag

- ¥ o= KBeUR cos (oI + wg) + B3ecx3 + Bue0M+ + Bso + Bg

C B = eUR cos (oI + ag) + Cge or3 Cue Moy Cs

1 I
D = E{AVR + I° cos(sz + wp + tan 1 §>+ ? (10)

Aghge™3 + a4 Aé,

r = %E{nge + I2 eoR cos Q)’I + wp + tan'l %) +

cx3 oku
B3k3e + Bu_kue -+ B5] J
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where

and RA

If
R' - I'

ASS
I

\
_Ve 2 _ -1 Ip
KA =2 RA + IA wA =1t RA
K=2\/j;E+I2 wB=tan-li[—]§-
B B B RB
P 2 -1 Ic
K. = 2R + I w, = tan = —
C C C C RC)

and I, are defined in appendix D.

there are four complex roots (R + Ii, R - Ii, R
i), the equations are

A

oR \ , OR? . '
Kge  cos(oI + wp) + Kp'e cos (oI' + wg') + Bso + Bg

KceOrR cos (oI + ) + KC'eUR' cos(oI' + agp') + Cs

1 2 2 oR -1 I
;E{A + I e cos(cI +a)A+tan ﬁ')+A5,+

' -
Ky ' 2 + I"? eUR cosGI' +wp' + tan 1 PI—t:_)]

%[KBJRE + 12 eorR cos QJI + wg + ta.n'l %) + B5 +
Kn' 12 12 oR' ' 1 -1 1!
B VE + I e cos|ol' + wp + tan R
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\ (102)

oR , OR' . .
K,e  cos(aol + a)A) +K,'e cos (oI' + wp') + A5c + Aa

' 4+ I'1, and

r (11)
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where

\

Il

Ky' =2 RA'2 + IA'2 Wy = tan™+ ﬁfT

.1 Is!

Kg' = 2VRg'® + Ip'® op' = tan™t §§T - (11a)
I'
2 2 -1 ‘C

KC' =2 RC' + IC' ab' = tan ﬁET_/

The coefficients Ky, Kg, Kg, wy, wp, and wy are defined in equa-
tions (10a) and Ry, In, Rp', and I,' are defined in appendix D.

Solve the appropriate ones of these equations of motion (equa-
tions (9), (10), or (11)) by substituting values of the nondimensional
time factor o 1in the equations and solving for ¢, ¥, B, p, or r.

Motions Resulting from Arbitrary Disturbances

The motions resulting from arbitrary forcing funetions can be
obtained from the motions resulting from constant impressed forces and
moments by the methods explained in references 6 and 7.

A very useful method of obtaining the motion resulting from various
abrupt gust and control disturbances is given by Jones in reference 7.
In this paper it 1s pointed out that, although the component motions of
an airplane must be calculated simultaneously (that is, by simultaneous
differential equations), the effects of component disturbances may by
the principle of superposition be calculated separately and later added
in any desired proportion. Thus, if a given rolling moment causes a
20° bank in 1 second and if a given yawing moment causes a 50 bank in
1 second, the combined effect of both acting simultaneously will be a
25° bank in 1 second. Jones also points out a somewhat similar fact
with regard to the effects of disturbances that are not applied simul-
taneously. This fact is that, if a given disturbance which arises at
the time t = 0 1is later augmented, the effect of the increment of
disturbance will run its course independently of the effect of the
original disturbance., For example, in a problem involving the correc-
tion for a gust disturbance by a manipulation of the control, the motion
produced by the gust disturbance can be calculated independently and the
motion caused by the assumed corrective control manipulation can be
added to it at any desired point. This example is illustrated graphi-
cally in figure 3.
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The principle of superposition may be applied analytically as well
as graphically. The analytical application which makes use of Carson's
integral or Duhamel's integral is described in references T and 23.
This method is useful for calculating the motions resulting from
impressed forces and moments which are arbitrary functions of time. By
application of these methods, the solutions for constant impressed
forces and moments can be used to obtain new solutions for any arbitrary
variation of impressed forces and moments with time which can be
expressed by a mathematical formula. Some simple variations of
impressed forces and moments with time and their Laplace transforms are
given in reference 6. The transforms for any other function for which
transforms have been worked out may be found in tables of Laplace
transforms. '

CALCULATION OF STABILITY BOUNDARIES

Oscillatory Stability Boundaries

As pointed out in the preceding section of this report, the degree
of stability of the uncontrolled motions of an airplane is indicated by
roots of the characteristic equation

MF B3+ A2 + DL+ E =0

For stability the real roots or the real part of the complex roots of
the characteristic equation must be negative. A useful discriminant
for determining some of the characteristics of the roots in stability
work is Routh's discriminant R (R = BCD - AD® - B9E). The use of this
discriminant in dynamic stability analyses has been pointed out in many
reports, for example, references 1, 2, 3, 5, 21, and 2k. Routh has
shown (reference 20) that,if R and the coefficient E are finite,
the necessary and sufficient conditions that the real roots and the
real parts of the complex roots should be negative are that every coef -
ficient of the biquadratic and also R should have the same sign.
Routh also showed that when R = 0 and B and D have the same sign
there are a pair of complex roots with the real parts zero. Since the
value of the real part of a complex root indicates the stability of an
oscillatory mode of the motion of an airplane, the lateral oscillation
is neutrally stable when R = O and the coefficients B and D have
the same sign. Oscillatory stability boundaries can be determined,
therefore, by solving the equation R = O and checking to determine
whether the signs of B and D are the same.

Since two of the most important stability derivatives affecting
lateral stability are the directional stability derivative CnB and
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the effective dihedral derivative CZB, boundaries for neutral oscil-

latory stability are usually calculated as a function of these two
derivatives as illustrated in figure 4. These calculations are gener-
ally carried out by the method shown in table I. This table contains a
numerical example and step-by-step instructions for using the table.
The results of this numerical example are plotted in figure 4. The
procedure 1llustrated in table I 1s first to assume values of the inde-
pendent variable CnB to cover the range for which the boundary is
required. The values of all the other mass and serodynamic stabllity
derivatives except CZB are then estimated. The value of CnB is
generally assumed to have been varied by varying the size of the verti-
cal tail and consequently the tail contribution to each of the other
stability derivatives varies as CnB is varled. The values of the
coefficients A, B, C, D, and E and then R are calculated as
functions of gt

Il = 42— ¢
B 2 7l
YKy B

The values of 1p corresponding to the assumed values of CnB for the

condition of neutral oscillatory stability are next obtained by solving
the expregssion R = 0 which is a quadratic in lg that is of the form

2
ullB + VlZB + Wl =0

Finally, the values of CZB corresponding to the assumed values of CnB

are obtained from the values of ZB.

The values of 1g which satisfy the expression R = O must be
checked to determine whether they satisfy the other condition for
neutral oscillatory stability - that the sign of the coefficients B
and D must be the same. This check can be performed readily by sub-
stituting the values of 13 which satisfy R = O into the expression
for D which is a linear equation of the form

Thus, the sign of D 1is determined. The sign of B is a constant for
any given value of CnB and 1s almost invariably positive since the

three predominant terms of B contain the derivatives Czp, Cnr’

and Cyp which in all practical cases contribute a positive increment
to the value of B.
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Since tvo values of ClB satisfy the condition R = 0 for each
value of CnB’ the R = 0 curve has two branches. As pointed out in

reference 2k, one of the branches of the R = 0 curve generally repre-
sents an oscillatory stability boundary and the other branch represents
a line of numerically equal real roots with opposite signs. (See

fig. 4.) If neither of the values of CZB which satisfy the expres-

sion R = 0 for a particular value of CnB is found to represent a

point of neutral oscillatory stability, the lateral motion has no oscil-
latory mode for that value of CnB. If both of the values of CZB

which satisfy the expression R = O are found to represent points of
neutral oscillatory stability, the lateral motion has two oscillatory
modes. In this case, since the boundary D = O represents the line of
infinite period, the branch of the R = 0 boundary which lies close to
the D = 0 Dboundary is usually the boundary for neutral stability of
the longer period of the two oscillatory modes. A detailed discussion
of the significance of the stability boundaries and the regions formed
by these boundaries is given in reference ok,

In calculating stability boundaries for a specific airplane a com-
plete solution such as that explained in the preceding paragraphs should
be made. For general studies of stability, however, approximate oscil-
latory stability boundaries may be calculated much more simply by the
methods shown in reference 2k,

As pointed out previously, methods of calculating lines of constant
period and damping of the lateral oscillation are presented in refer-
ences 8 and 9. ‘

Spiral Stability Boundaries

Spiral stability boundaries, like oscillatory stability boundaries,
are usually determined as a function of the directional stability deriva-
tive CnB and the effective dihedral derivative CZB as 1llustrated in

figure 4. As pointed out in reference 1, neutral spiral stability
occurs when the E coefficient of the characteristic equation is zero
(E = 0). A spiral stability boundary can be easily obtained from this
relation. If expressions for E (in terms of 1g) corresponding to
several values of CnB have already been obtained in the process of

calculating an oscillatory stability boundary, the equations formed by
setting these expressions for E equal to zero can be solved for ‘the
values of I (and hence CZB corresponding to the assumed values

of CnB. If the values of E have not already been obtained in the

process of calculating an oscillatory stability boundary, a spiral
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stabllity boundary for the level-flight condition (y = 0) can be cal-
culated simply from the equation

Cirp

Values of CnB are assumed within the range for which the boundary is
required. The values of Clr and Cnr corresponding to each value of
CnB are then determined. The tail contributions to these derivatives
generally vary with CnB since CnB is usually assumed to be varied

by changing the size of the vertical tail.

ESTIMATION OF LATERAL STABILITY

DERIVATIVES
GENERAL REMARKS

Methods of estimating the lateral stability derivatives have been
presented in numerous publications but no single report has contained
information for estimating the contribution of all principal airplane
components to all the derivatives for alrplanes having any sweep angle
or aspect ratio. 1In the present paper, an approach to such a presenta-
tion 1s made by the coordination of and reference to existing estima-

» tion methods, by reference to publications containing data which should
be useful in making estimates, and by the suggestion in some cases of
simple new empirical formulas. Detailed estimation methods are pre-
sented for low-subsonic-speed conditions but only a brief discussion and
a list of references are given for transonic- and supersonic-speed con-
ditions. In general, the estimation methods presented should be expected
to yield only fairly accurate values suitable for making first approxi-
mations of dynamic stability. This limitation applies especially to
the cases in which the derivatives are based completely on theory.

For convenience, the references that should be useful in estimating

the stabllity derivatives are presented in table II. The references

are grouped according to the speed range covered (subsonic or super -

sonic) and according to the derivatives presented in each report. The

references for the subsonic case (references 1 and 25 to 94) are further

divided into two groups - one including reports which contain estimation
- methods and the other including reports which contain experimental dats

that should be useful in making estimates of derivatives. The
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references for the supersonic case (references 95 to 115) are sub-
divided according to wing plan form.

5

The following sections covering the estimation of the nine sta-
bility derivatives are divided into three groups according to the type
of derivative - sideslip derivatives (CYB? CnB’ CzB), rolling deriva-

tives (Cnp: Cips CYP)’ and yawing derivatives (Cnr: Clps CYr)- The
derivatives Cyp and Cy., have usually been neglected in making

dynamic lateral stabllity calculations because theory indicated that for
unswept wings CYP and Cy, were zero. Recent experimental data,

however, have indicated that both swept and unswept wings produce meas-
urable values of these derivatives (references 25, 59, and 86). Since
the vertical tail contributes to CYP and Cyn, it appears desirable

to estimate these derivatives and to use them in the calculations of
stability unless it is established that for the case in gquestion the
effects of Cyp and Cy, on stability are negligible. For these two

derivatives, only the effect of the wing and vertical tail need to be
considered.

The methods of estimating the rolling and yawing derivatives pre-
sented herein were obtained from theoretical trestments based on the
assumption of steady rolling and yawing and from experimental data
obtained principally from tests made under conditions of steady rolling
and yawing. The only information that applies directly to the oscil-
latory case is a limited amount of data on Cnp, obtained by oscillation

techniques. When calculations are mede in which the oscillatory mode

is the subject of interest, some consideration should be given to cor-
recting the derivatives based on steady rolling or yawing to account

for differences in the derivatives that are likely to exist as a result
of differences between the oscillatory motion and the steady rolling
and yawing motion. For example, the data of reference 82 have indi-
cated that, for flap-extended or power-on conditions, fairly large dif-
ferences might exist between the values of the tail contribution to Cn,
for the steady yawing and yawing oscillation cases. At present little
information is available for correcting the values of Cnr for the

steady yawing case to apply to the oscillatory case and, unfortunately,
little or no information is available for correcting the other stability
derivatives.

Since most wind-tunnel force-test data that are likely to be used
in making estimates of the stability derivatives are probably for much
lower Reynolds numbers than those for the full-scale airplane, some
adjustments to the data are usually required to account for the dif-
ferences in Reynolds number. The effects of Reynolds number should be
considered in the cases of all the derivatives, especially those which
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are estimated by methods that involve the use of force-test data.
Methods of correcting for Reynolds number effects for some of the
derivatives are discussed in the following sections which cover the
estimation procedures. In the cases where the Reynolds number effects
are not discussed, it can be assumed that any abrupt variation in the
derivatives near the stall for low-scale data will also be present for
the full-scale airplane but will probably occur at a higher 1ift coef-
ficient because of the higher maximum 1ift coefficient of the airplane.
An indication of the lift-coefficient range over which the theory may
not be expected to give reliable values of stability derivatives for the
full-scale airplane can be obtained from large-scale drag data. The
analysis of reference 86 indicates that the variation of the derivatives
with 1ift coefficient 1s different from the theoretical variation at
1ift coefficients above that at which the drag due to 1ift increases
abruptly from the ideal value Cr2/=A.

The effects of Mach number and power are not treated in the sections
on the individual derivatives but are discussed briefly in separate
sections. A detailed treatment of these effects, including design
formulas and charts, was considered beyond the scope of this paper.

THE SIDESLIP DERIVATIVES Cyg, Cng, Ci,

No satisfactory purely theoretical methods have yet been developed
for obtaining accurate estimates of the sideslip derivatives CYB’ CnB’

and C3 for a complete airplane, primarily because of large inter-
B >

ference effects between the various sirplane components and because of
large, and often unpredictable, variations of the derivatives with angle
of attack. Fortunately, these derivatives can be obtained from conven-
tional wind-tunnel force-test data. Such experimentsl data are essential
to the accurate determination of sideslip derivatives. It is, of course,
highly desirable to have force-test data for the exact airplane design
under consideration, but reasonably accurate estimates can usually be
made by correcting the force-test data for a generally similar design.
The methods of correcting the force-test data on a similar design for
use in the case under consideration are covered in the following sec-
tions. In the formulas presented, the subscript word "design" is used

to designate the design under consideration and the subscript word "data"
is used to designate the similar design for which force-test data are
available.

Force-test data should be used to determine the effect on the side-
slip derivatives of such airplane components as leading-edge high-1ift
devices, stall-control devices, trailing-edge flaps, nacelles, external




30 NACA TN 2409

stores, canopies, and dorsal and ventral fins. The effect of leading-
edge high-1lift devices is usually merely to extend to a higher 1lift
coefficient the same variation of the derivative with 1ift coefficient
as for the plain wing. Trailing-edge flaps often have large effects on
the contributions of both the wing and the vertical tail to the sideslip
derivatives (references 39 and 69); and since these effects are not
easily estimated, it appears that in these cases use of force-test data
is essential. The addition of nacelles and external stores generally
has been found to decrease the directional stability factor CnB

slightly. The results of a limited amount of research to determine the
effect on the sideslip derivatives of the size and shape of canopies

has been reported in references 48 and 73 but these results are inade-
quate for making accurate predictions of the effects of canopies. The
effects on the sideslip derivatives of dorsal and ventral fins are
usually small at the small and moderate angles of yaw that are generally
considered in stability calculations. (See references 47 and 71.)

CYB

In estimates of the lateral force due to sideslip derivative CYB’

force-test data for the design under consideration should be used when-
ever possible. If such data are not available, data for a similar
design can be used and corrected as follows:

Wing-fuselage.- Since the wing-fuselage contribution to CYB is
usually relatively small compared with that of the vertical tail, great
accuracy is not required in estimating this factor. This contribution
may be estimated as follows:

(1) Wing: If the wings of the two designs are generally similar
the difference in CYB . can be considered negligible and no correc-
wing

tion is necessary. The theory of reference 25 does not appear to be
suitable for use in estimating CYBwing'

(2) Fuselage: If the two fuselages are similar in shape, the
difference in CYBfus can probably be estimated satisfactorily by cor-

recting for the difference in the relative size of the fuselage and
wing for the two airplanes. It appears, however, from table X of refer-
ence 69 unlikely that a reliable prediction of CYBfus can be made

directly from the geometry of the fuselage. Some additional data on
CYBf are presented in reference T7. Experimental data from other
us

investigations have shown that differences in fuselage crossw-section
can cause very large differences in the variation of CYBfus with

angle of attack. For example, in the case of a flat fuselage with the
major cross-sectional axis horizontal, the sign of CYB has been’
fus
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found to reverse at moderate and high angles of attack. TForce-test
data are essential for making estimates in such cases.

(3) Wing-fuselage interference: For low-wing or high-wing con-
figurations, wing-fuselage interference causes the value of CYB to be

greater than that obtained by adding the contributions of the wing and
fuselage. (See reference 39.) If the vertical location of the wing on
the fuselage is generally similar for the two designs, however, any
correction for a difference in this interference factor can be neglected.

Vertical tail.- Accurate estimates of CYBtail are necessary

because this factor is used to estimate the tail contribution to several
other derivatives. This factor is especially important at low angles

of attack because in this case the tail contribution is often much
greater than the wing-fuselage contribution to all derivatives except
Clp. For this reason it is highly desirable to have tail-off and tail-
on force-test data for the design under consideration or for a very
similar design. Corrections to the data for a similar design can be
made as follows:

(1) Correction for differences in wing area, tail area, and tail
lift-curve slope can be made by the following formula:

C ST >

L L Ptail
(CY > _ (CY ) ( tail design Sdata
Ptail design Btail jggtq (CL@tailStail)data Sdesign

(13)

The value of Ci, can be obtained from figures 5 and 6 which are

Utail
based on the theory of reference 34 and on the theory and data of refer-
ences 28 and 35. The chart of figure 6 can be used to estimate the
change in the effective aspect ratio of the vertical tail caused by the
end-plate effect of the horizontal tail. It should be emphasized that
for the best accuracy the charts in figures 5 and 6 should be used in
conjunction with formula (13) for correcting existing force-test data
and not for making a direct estimate of CYBtail'

(2) In the case of V-tails, the correction fdr cYBt 1 can be
ai

made as follows:

(.KCLOL Sv-tail Singf)
N design S data

| r
| (JY : > .= <CY . ) - _
Pv-tail design Bv-tail data CKCLQNSV_tail sinff>d ‘ Sdesign
ata

(14)
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vhere the terms CLaN’ I, and K are the same as given in reference 30

and are defined as follows:

CLQ slope of the tail lift curve in pitch measured in the plane
N normel to the chord plane of eeach tail panel
r dihedral angle of tail surface measured from XY-plane of the

tail to each tail panel, degrees

K ratio of sum of lifts obtained by equal and opposite changes
in angle of attack of two semispans of tail to lifts obtained
by an equal change in angle of attack for the complete tail

Values of the term K, which are usually about 0.7, can be obtained from
reference 30.

(3) Since large differences in sidewash and dynamic pressure at
the tail can be caused by differences in wing plan form and wing loca-
tion, use of experimental data for the specific design or at least for
a design which has a closely similar wing-fuselage combination and
vertical tail location is extremely desirable. No methods are available
which permit accurate predictions of sidewash at the tail, but the
experimental data of references 39, 49, and 69 can be used to obtain
some indication of the variation in sidewash with vertical location of
an unswept wing on a fuselage and the experimental data of references 36
and 77 provide additional information on sidewash at the tail. Other
experimental data indicate that the sidewash fields produced by highly-
swept, low-aspect-ratio wings or by fuselages of flat cross section can
sometimes be strong enough at high angles of attack to reverse the
effectiveness of a conventionally-located vertical tail surface. Until
a relisble method is developed for predicting these large sidewash
effects, force-test data appear to be the only means by which satisfac-
tory estimates of CYBtail can be obtained.

Cng

Although attempts have been made to develop methods for estimating
the yawing moment due to sideslip (static directional stability) deriva-
tive Cng (for example, references 68 and 69) no reliable method has

yet been obtained. The use of force-test data therefore seems imperative.

Force-test data for the design under consideration should be used
if available. If such data are not available, use data for a similar
design and correct as explained in the sections to follow.
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Wing-fuselage.- The corrections for the wing-fuselage contributions
are;

(1) Correction f%j wing - From figure 7 (taken from reference 25)

the values of (FnB/CL wing for the design under consideration and for

the design for which test data are available can be determined. The
effect of differences in taper ratio can be neglected. (See refer-
ences 60 and 66.) The difference between these values of CnB/CL2

should then be added (with proper regard for sign) to the experimental
data for the complete model.

(2) Correction for fuselage - The formula

_ _1.3<Fuselage volume)(E) (15)

C
Brus Sb -

can be used to calculate the CnB of the fuselage (per radian) for the

design under consideration and for the similar design for which force-
test data are available. The differences between these two values can
then be added (with proper regard for sign) to the force-test data for
the complete model. Formula (15) does not include the effect of fine-
ness ratio and should not be used for fineness ratios less than 4. This
formula 1s an approximate empirical expression which should not be used
to estimate the wvalue of Canus directly but should only be used as

indicated to determine a correction for force-test data. This correc-
tion method should not be used in the cases of high angles of attack
when there are large differences in fuselage configuration. Force-test
data are essential in such cases.

(3) Correction for vertical location of the wing - If the designs
are generally similar, the correction for the vertical location of the
wing on the fuselage can be neglected. (See reference 39.)

(4) Correction for center-of-gravity position - If the center-of-
gravity position for the design under considerstion is appreciably dif-
ferent from that for the design for which force-test data are available,
the value of CnB for the wing-fuselage combination can be corrected

by multiplying the value of CYB for the wing-fuselage combination by

the distance between center-of-gravity positions (expressed in wing
spans).
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Vertical tall.- Corrections to CnBtail for differences in

CYBtail and tail length Z/b can be made by the following formula:

c 1)
TByail D design

b
Btail P/3ata

The contribution of wing-tip fins to CnB is treated in refer-
ences 70 and 84,

(16)

c = (c
<nBtail)design (nﬁtail>data

CzB

In estimates of the rolling moment due to sideslip (effective
dihedral) CZB, force-test data for the design under consideration should
be used. If such data are not available, data for a similar design can
be used and corrected by the methods that follow.

Wing-fuselage.- The corrections for wing-fuselage contributions are:

(1) Correction for wing - From figure 8 (based on reference 25)
the theoretical values of CZB/CL for the design under consideration

and for the design for which data are available can be determined. The
difference between these two theoretical values can then be added (with
proper regard for sign) to the experimental data. Consideration should
be given to scale effect, alrfoil section, and surface roughness on the
value of CzB for highly swept wings. The 1lift coefficient at which

the experimental variation of CZB with lift coefficient departs from

theory is greatest at high Reynolds numbers and for smooth wings with
round leading edges. For wings with rough surfaces or sharp leading
edges the effects of Reynolds number on CZB are usually small and low-

scale wind tunnel data can be used. For airplanes having very smooth
sweptback wings with rounded leading edges, however, some correction
should be made for scale effect when estimations are made from low-
scale wind-tunnel data. Since no rational method has been developed
for making such corrections it is suggested that, for 1lift coefficients
higher than that at which the experimental data departs from the theory,
an average of the theoretical and low-scale experimental values be used.
Conservative dynamic stability results will usually be obtained if the
uncorrected theoretical values of CZB are used because these values

are ordinarily greater (more negative) than measured values and because
the larger negative values of CZB usually tend to decrease the dynamic
Jateral stability.
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(2) Correction for wing dihedral - The effect of dihedral on C3
is treated in references 29, 39, 51, 58, 66, and 79. Correction for
the difference in dihedral between the two designs can be made by
multiplying the incremental geometric dihedral angle (in degrees) by
the factor CZBF obtained from figure 9. A plot of ClBF against

aspect ratio for taper r@tios of 1.0, 0.5 and 0.25 (obtained from refer-
ences 58 and 66) and a formula from reference 50 for correcting for
sweep are presented in the upper portion of figure 9. The lower chart
and formula in figure 9 (developed from reference 66) should be used in
addition to the upper chart and formula of figure 9 to estimate the
values of CIBF for the case of a wing with partial-span dihedral.

Although this chart and formula apply directly only to wings with one
dihedral break they can be used to estimate the CZB for wings with
r

two or more dihedral bresks by the method described in reference 66.
The effect of drooped wing tips and of wing-tip end-plates on Csz.
ing

should be determined by experimental data since no reliable estimation
procedure for these effects is available.

(3) Correction for wing-fuselage interference - Although the con-
tribution of the fuselage alone to CZB is usually negligible, the

interference between the wing and fuselage can greatly alter the value
of CZB of the wing. This interference is such that a high location

of the wing on the fuselage gives more positive effective dihedral
(higher -Cig) and a low wing location gives less positive dihedral
than a midwing position. This effect is treated thecretically in
reference 67 and has been studied experimentally in references 38 to 42,
The following simplified expression for estimating the increment in CzB

caused by wing-fuselage interference has been developed from the rela-
tionships presented in reference 67 and in other sources:

aCy, = 1.2\/A'%‘i b ; w (17)

This expression has been found to give reasonably good agreement with
experimental data for a variety of configurations. It 1s suggested
that values of ACZB be calculated from this equation for both the

design under consideration and for the design for which force-test data
are available. The difference between these values can then be added
(with the proper regard for sign) to the force-test data.

Vertical tail.- The value of CZBtail determined from force-test

data on a similar design can be corrected as follows to obtain CZBtail
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for the design under ccnsideration:

z
CYB —)
tail b
C1g ) = [C1 ( 2 /design (18)
tail/gesign Ptail) gata (CY z
Btail bjgata

The results of reference 35 indicate that CZB can also be affected
tail

by the location of the horizontal tail with respect to the vertical
tail., If the two designs have approximately the same horizontal tail
size and location, however, this effect can be neglected.

The value of CZBtail for a V-tail can be estimated from the

following empirical formula:

C ) =(C
(ZBV-tail design ( ZBV"tail>data

oy _ta1
-tal i
—g—ggg—f—<bv-tail*‘”Zv_tail sin a design

'\

—

~

CYB .
V-tail
. .
[:b <15 T <bV-tail hzy.tail sin %i}data
>

(19)

where by_-tgil is the developed (not projected) span of the V-tail,
ZV-tail 1s the vertical distance from the center of gravity to the

chord of the V-tail (positive up, and I' is the dihedral angle of
the V-tail. More information on V-tails can be found in references 30,

61, and 62.

In the case of a vertical tail located on the wing, there 1s, in
addition to the incremental CZB produced by the tail lateral force,

an incremental CZB produced by the interference effect of the vertical

tail on the wing. Since this interference effect varies greatly with
spanwise and vertical position of the tail, it should be determined
from force tests. Usually the ircerference is such that a vertical tail
above the wing gives a negative _ncrement of CZB (positive effective

dihedral) and one below the wing gives a positive increment of CZB.
In general, the largest interference effects are obtained with vertical

tails at or near the wing tips.
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THE ROLLING DERIVATIVES Cnj, Ci,, Cy

r’ by

Cnp

The wing and vertical tail are the only airplane components that
contribute appreciably to the yawing moment due to rolling derivative
Cnp- The contributions of the fuselage and horizontal tail can usually

be neglected.

Wing.- The contribution of the wing to Cnp can be estimated from

the formula and charts of figure 10 which were taken from reference 86.
Although these charts apply strictly only to wings having a taper ratio
of 1.0, experimental data have indicated that they will also provide
fairly good estimates for taper ratios of 0.50, 0.25 and O, 1In the
estimation formula

ACnP)l ACnp)
(@]

L + (CD )

the value of CDO)CL should be determined, if possible, from force-test

Cn

P~ CL i@Déa (20)

data obtained at high Reynolds number on the wing under conslderation,
since low Reynolds number data might indicate values of (Cpg), that are

too large. For the case of smooth wings with a large leading edge
radius and low or moderate sweep, it is suggested that (Cp,), for the

airplane be assumed to be zero at all 1lift coefficients up to the stall.
This assuaption will result in larger negative values of Cnp than

would be estimated from low Reynolds number data on (CDo>a and con-

sequently should lead to conservative dynamic stability results since
an increase in Cnp in the negative direction has been found to cause
a reduction in dynamic stability. The wvalue of CDO)CL for highly swept

wings is often very large at high 1ift coefficients, especially for
wings with rough surfaces, sharp leading edges, or triangular plan form.
For these cases, values of (CDO a determined even from low Reynolds

number data might lead to reasonably good estimates of Cnp- In all

these cases, however, high-scale drég data should be used whenever it
is available,

Effect of high-1ift devices.- The principal effect of leading-edge
high-1lift devices is to extend to a higher 1ift coefficient the linear
variation of Cnp with 1ift coefficient. The formula and charts of

figure 10 are directly applicable to this case. The effect of
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trailing-edge high-1ift deviées is not so straightforward, but experi-
mental data have indicated that the formula and charts of figure 10
also give reasonably good estimates in this case.

Vertical tail.- The contribution of an isolated vertical tail
surface to Cnp can be estimated by the following approximate formula

which has also been commonly used to estimate CnPtail of a complete

airplane:

12 :
c -2t2¢ 21
DDPigil b b TBtail (21)

The values of CYBt 0 should be determined from force-test data as
a

previously discussed. Instead of the geometric tail length 1/b, it
will usually be better to use the effective tail length -Cp Cy
Btail/ “Ptail

as determined by force-test data. Formula (21) then 3ecomes

'nptail <b> nBtail

In the case of the conventionally located vertical tail surface, how-
ever, the rolling wing produces a sidewash at the tail which greatly
alters the tail contribution to Cnp- This sidewash causes the values

of CnPt 0 to be much more negative than is indicated by formula (21).
ai

This effect is discussed more fully in reference 36 in which is also
presented a method for estimating the sidewash. Some preliminary theo-
retical studies have indicated that the effect of the sidewash on
Dpiai1 varies considerably with tail size and tail location and to
some extent with wing plan form. A comprehensive experimental verifi-
cation of this theory is planned but as yet only a few scattered checks
have been obtained. For the case of the conventionally located vertical
tail surface, the following formula has been found to give estimates
of Cnpt 1 that are in fairly good agreement with experimental data:

a

11z z :
C - 0 2|2 _ (2 C 20
"piail b[}’ <b>cc=;| TBeail (22)

or

Z Z
c =22 _ (% c 2
MPrail I:b (b)g;(;:l DBiail (222)
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This formula is based on the assumption that CnPt 11 is zero at 0° angle
al

of attack and varies with angle of attack in the same manner as indicated

by formula (21). Formula (22) or the method of reference 36 can be used

satisfactorily for first approximations of Cnpt (1 for most configura-
al

tions with conventionally located vertical tails. For more accurate
estimates, especially for configurations having an unusual tail size or
tail location, experimental data should be used.

For wings of triangular plan form with vertical tails either
directly above or above and slightly behind the wing, experimental data
have indicated that neither formula (21) nor formula (22) gives an
accurate estimate of Cnptail but that an average of the values obtained

by the two formulas provides a fairly good estimate.

It is obvious that these methods of estimating Cnp are only

approximate and are open to question in many cases. Experimental and
theoretical studies are currently being made to provide better methods
of estimating Cnptail and, vhen these methods become available, the

approximate methods presented herein should be discarded. At the present
time, however, formula (22) and reference 36 will usually provide much
more accurate estimates of Cnpt 1 than formula (21) which has been

a

in common use up until this time.
C-
‘p

Wing-fuselage.- Most of the rolling moment due to rolling (damping-
in-roll derivative) Czp of an airplane is produced by the wing. The

effect of the fuselage can be neglected unless the ratio of the diameter
of the fuselage to the wing span is relatively large (greater than
about 0.3). For large values of this ratio, the wvalue of Czp will be

smaller than that for the wing alone by an amount that can be estimated
from a consideration of the area and lateral center of pressure of the
wing area included within the fuselage. (See references 103, 108,

and 112.)

Wing.- The damping in roll of wings has been the subject of many
experimental and theoretical investigations. (See references on (3
in table II.) As a result, some methods of estimating Czp have been

developed which have been found to give reasonably good agreement with
experimental results. The method presented in reference 79 appears to
give sufficiently accurate estimates of Czp for zero 1lift. This
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method 1s extended in reference 89 to permit the estimation of Czp

over the normal flight range of 1lift coefficient. Estimation charts
and formulas from reference 89 are presented in figure 11.

High-1ift devices.,- Experimental data have indicated that the
damping in roll of wings at low and moderate 1ift coefficients is not
greatly affected by the addition of high-1ift devices such as trailing-
edge flaps, leading-edge flaps, slats, and slots. The principal effect
of such devices is to increase the 1ift coefficient at which the sharp
decrease in Czp occurs. The charts and formulas of figure 11 can be

used to estimate the Czp of wings with either full-span or partial-

span high-lift devices with fair accuracy despite the fact that the
method is not strictly applicable to partial-span high-lift devices.
(see reference 89.) ‘

Wing-tip fuel tanks.- The use of wing-tip fuel tanks usually
increases the damping in roll of the wing. The experimental data of
reference 91 for unswept wings indicate that the magnitude of the
increase varies with angle of attack and depends upon the wing taper
ratio and on the size and location of the tanks. Unpublished experi-
mental data indicate similar effects of wing-tip tanks on sweptback
wings. The following approximate formula for estimating the increment
in Czp produced by wing-tip tanks at low 1lift coefficients is based

on the limited amount of available experimental data and should not be
expected to yield very close gquantitative estimates:

Maximum tank diameter
HCY = (Cy ) ( - )(KT) (23)
( P) tanks ( P/tanks off Wing span

where, for symmetrically mounted tip tanks,
Kp = 6

for tanks mounted below the wing tip or forward on the wing tip,
Kp = 3

and for pylon-mounted tip tanks,

Ky

Experimental data for both unswept and swept wings indicate that
<Aﬂzp)tanks usually becomes smaller with increasing angle of attack

and, in some cases, actually reverses sign at high angles of attack so
that the tanks are decreasing rather than increasing the damping in roll.

1

il
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The data of referenée 91 can be used to obtain an approximate estimate
of the effect of angle of attack for unswept wings.

Tail surfaces.- The contribution to Czp of conventional type

horizontal and vertical tail surfaces is usually very small and, in
most cases, negligible. When an airplane rolls, the wing produces a
rotation of flow at the tail surfaces which reduces the already small
damping moments of the isolated surfaces, except in the case of the
vertical tail at high angles of attack where the tail center of pressure
is below the center of gravity.

The contribution of an extremely large horizontal tail to Czp

might not be negligible and can be estimated by multiplying the value
of Czp for the particular tail plan form obta%ned from the charts and

S+ /b
formulas of figure 11 by the factor 0.5 ?; T? in which the fac-

tor 0.5 is included to account for the rotation of flow produced by the
wing.
The contribution of an isolated vertical tail surface to CZP is

given by the following approximate formula:

Z

2
C =2—> C ol
"Diail <b TBiail (24)

As in the case of Cn,ptail this formula can be modified to provide an

approximate correction for the effect of the wing on the damping in
roll of conventionally located vertical tall surfaces:

“Iptair 2(%)[;§ ) <%>a:;}CYBtail (25)

An analysis of this expression indicates that the value of CZPt 1 is
ai

negligible at low and moderate angles of attack where z/b is positive
but that it might be fairly important at very high angles of attack
where z/b is a large negative value. As in the case of Cnp, experi-

mental data indicate that, for a vertical tail located either directly
above or slightly behind a wing of triangular plan form, the value of

Czptail
formulas (24) and (25) than by formula (25) alone. For conventional
tail arrangements, however, formula 25 gives better correlation with
experimental data.

can be estimated with better accuracy by an average of .
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c
¥p

Wing.- The following formula for the derivative CYP (1lateral

force due to rolling) from reference 86 is based on experimental data
and is the same as that presented in reference 25 except for an addi-
tional correction to account for tip suction:

Cy
p _ A+ cos A 1
C, A+ L cos A ten A+ A (26)

The data of reference 86 show that this formula applies only for 1lift

C
coefficients below that at which the drag factor Cp - E%— begins to

increase. At higher 1ift coefficients the experimental data indicate
smaller values of Cy, than given by formula (26). For these cases an

approximation of the value of CYP can be obtained from the experi-
mental data of reference 86. As in the case of Cpp, the break in the
variation of CYP with lift coefficient should be expected to occur

at lower lift coefficients for wings having sharp leading edges or
rough surfaces and for wings tested at low Reynolds numbers.

Vertical tail.- The discussion concerning Cnpt ‘1 and Czpt i1
al a

is also applicable to C . The value of C for an isolated
PP Tpiai1 Tpiail

tail surface is given by the formula:

C = 2(5 C | 2
TPiai1 b) TBiail (27)

This formula can be modified as follows to account approximately for the
effects of wing sidewash in the case of a conventionally located vertical

tail:
Z Z
Cy _o| 2 - (—) ]CY (28)
- Prain [}’ P/a=0] Piail

An average of formulas (27) and (28) can be used for tails located
either directly above or above and slightly behind the wing.
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THE YAWING DERIVATIVES Cnp., Cip, AND Cy,

-
Cny

Wing-fuselage.- In the past, the contribution of the wing-fuselage
combination to yawing moment due to yawing (damping in vaw) derivative
Cnr has usually been found to be small compared to the contribution of

the vertical tail. The fuselage contribution to the damping in yaw
depends, of course, on the relative size of the fuselage and wing. In
the past, the relative size of these components has generally been such
that the fuselage contribution could be neglected. (See references 82
and 83.) For some recent designs which have a large Juselage relative
to the wing, however, the fuselage contribution to Cny 1is important.

In the case of fuselages having flat sides or having a flattened cross
section with the mdajor axis vertical the fuselage contribution may also
be important and some fuselage contribution to Cny should be assumed,

especially at high angles of attack. On the other hand, experimental
data have shown that a flattened cross-section fuselage with the major
axis horizontal can have negative damping in yaw at moderate and high
angles of attack.

The contribution of the wing to Cnr can be estimated from the
formula and charts of figure 12 which were taken from reference 25,
Values of Cpy for the wing should be estimated from force-test data.

For values of E/E greatly different from zero, the charts of refer-

ence 25 can be used. The formula and charts of figure 12 are not con-
» - sidered reliable at high angles of attack, especially for swept wings.

The use of experimental data from the references on Cn,, 1listed in

table II is recommended in this case.

The effect of partial-span inboard flaps on Cny, can usually be

neglected. (See reference 82.) The effect of full-span trailing-edge
or leading-edge high-lift devices can be estimated satisfactorily from
the formula and charts of figure 12.  Values of Cpy in this case are,

of course, for the wing with the high-1ift device installed.

Vertical tail.- The contribution of a conventional-type vertical
tail to Cnr can be estimated from the formuls

12
c = 2(— C >
Briai b> TBiail (29)
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or, with the effective tail length -CnBt 'l/CYBt i1 substituted for
al al
the geometric tail length 1/b,

(Copeas )2
o Btall (29&)

Cnr =
i C
tail YBtail

The experimental values for Cnrt 0 presented in reference 82 for
ai

power-on or flap-down configurations are 30 to 4O percent greater than
values predicted by formulas (29) or (29a). These differences are
attributed to lag of sidewash effects in the free-oscillation tests

used in measuring Cn,. In estimations of Cnrt 0 for stability cal-
ai

culations, similar lag of sidewash effects should be assumed if the
oscillatory mode is of primary importance but no lag of sidewash should
be assumed if the aperiodic mode is most important.

Methods for estimating the for wing-tip vertical tails

Coryain
are presented in references T0 and 82.

Czr

The wing and vertical tail are the only airplane components that
contribute appreciably to rolling-moment-due-to-yawing derivative Ci.

of an airplane. The contributions of the fuselage and horizontal tail
can usually be neglected. A semiempirical method for estimating Ci.

is presented in reference 85. This method involves the use of experi-
mental data on the parameter CzB to correct the theoretical values of

Clop s given in reference 25 and to estimate the value of Cy,. . .
rWlng rWlng

Wing.- The formula of reference 85 and the charts of Czr/CL from
reference 25 for estimating Czrwing are given in figure 13. The
values of CZB/CL to be used in the charts can be obtained from fig-
ure 8. For taper ratios less than 0.25, values of Clr/CL and CZB C1,
for a taper ratio of 0.25 can be used. The value of CZBexp used in
the formula should be the same as the value of CZBwing estimated from
experimental data by the method indicated in the section on CzB. In

the case of C(y,, however, (unlike the case of CZB) conservative
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dynamic stability results will usually be obtained if the smaller values
of the derivative (based on low-scale experimental data) are used
instead of the larger (theoretical) values. This difference is a result
of the fact that either an increase in the normally negative value of
CZB or a decrease in the normally positive value of Ci, can cause

reduction in dynamic stability. As pointed out in reference 85 the
estimation procedure shown in figure 13 appears to account satisfactorily
for the effects of high-lift devices, wing, dihedral, and airfoil section.

Vertical tail.- The contribution of the vertical tail to Cip 1s

usually estimated by the formula

1\/z
Clriair = =2 (E)(B)CYBtail (30)

where CYBtail is preferably obtained from force-test data. When
experimental data on CZBtail are available, the following formula from

reference 85 can be used and will probably be more reliable than equa-
tion (30) because it takes into account any interference effects that
might cause the effective vertical location of the center of pressure of
the tail to be different from the location determined by geometrical
procedures:

1
Clreasn = -2 (E)Clﬁtail (31)

or with the effective tail length _Cnﬁtail/bYBtail substituted for the
geometric tail length 1/b,

Cn
Btail
Ci,. . =2<C_—"1—CZB , (31a)
tail YBtail tail

Cyr

Wing.- The theory of reference 25 gives values of the derivative
Cyr (lateral force due to yvawing) for the wing for g taper ratio of 1.0,

The experimental data of references 25 and 59 indicate that this theory
is inadequate for making reliable estimates of CYp . . It is recom-
wing

mended therefore that the experimental data given in references 25, 58,
59, and 60 be used in making estimates of CYTwing‘
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Vertical tail.- The value of CYrt i can be estimated by the
ai

formula

1
c - otg 5
Yriail o “YBigil (32)

or by the formula in which the effective tall length -CnB CYB
tail tail
is substituted for the geometric tail length 1/b: '

3

C = oC o
Yriai1 DBiail (322)

The discussion of lag-of-sidewash effects for Cnrt 1 apply also to
ai

CYrigs1-
EFFECTS OF MACH NUMBER

The effects of Mach number on the lateral stability derivatives
have been treated theoretically in many investigations (see table I1)
but very little experimental data have been obtained to verify this
theoretical work. Moreover, only a small part of this experimental
work has been covered in published reports (reference 111) because most
of it is classified at the present time. It appears, therefore, that
estimates of the lateral-stability derivatives for the time being will
have to be based largely on theoretical work.

The effects of Mach number on the stability derivatives can be
usually considered negligible for all airplane components except the
wing and vertical tail. For the low-lift-coefficient condition in the
case of many high-speed airplanes, the vertical tail contributes more
than the wing to all the stability derivatives except Czp. For this

reason, in calculations for transonic or supersonic speed conditions it
is especially important to know the effects of Mach number on the
vertical-tail lift-curve slope or CYBtail'

Wing.- The effects of compressibility on the subsonic stability
derivatives of the wing can be estimated by the formulas of reference 26.
The values of the supersonic stability derivatives for some wing plan
forms can be estimated by the references tabulated in table II. In this
table the derivatives are grouped according to the type of wing plan
form and to the particular derivatives covered. A helpful summary and
discussion of the effects of Mach number on the derivatives for several
different wing plan forms is presented in reference 103. A summary of
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the theoretical lift-curve slope, damping in roll, and center-of-
pressure characteristics of various wing plan forms is presented in
reference 107. In the cases in which the theory shows large or abrupt
changes in a stability derivative with changes in Mach number (for
example, fig. 10 of reference 103) special care should be taken in
estimating the derivative in that particular Mach number range. The
abrupt changes should be smoothed or faired out in a manner similar to
that suggested in the following section for estimating CYBtail'

In some cases, experimental data for supersonic speeds will be
available on the sideslip derivatives and on the damping-in-roll deriva-
tive Cjp. In such cases the experimental data should be used in pref-
erence to the theory. Some experimental results have indicated that the
effect of the vertical location of the wing on the fuselage on the
derivative CZB might be greatly different at supersonic speeds from

that at subsonic speeds. Since no methods are presently available for
estimating this effect for the supersonic case, it appears that, at
least in the case of high-wing and low-wing designs, force-test data
are necessary for obtaining an accurate estimate of CZB.

Vertical tail.- The sideslip derivatives produced by the vertical
tail at transonic and supersonic speeds can be estimated theoretically
but should be obtained from force-test data whenever possible. These
sideslip derivatives can be used to estimate the tail contributions to
the other derivatives as pointed out previously. 1In estimates of the
value of CYBtail for transonic and supersonic speeds, corrections must

be made for the effect of Mach number on the lift-curve slope of the
tall, and these corrections should account for any differences in the
end-plate effect of the horizontal tail on the vertical tail.

For Mach numbers below about 0.8 or 0.9 and above about 1.6 or 1.8
the effect of Mach number on the lift-curve slope of the vertical tail
can be estimated satisfactorily from the theoretical values of refer-
ences 26, 34, and 107. Since experimental data indicate that theoreti-
cal values of lift-curve slope are usually too high for Mach numbers
from about 0.8 or 0.9 to about 1.6 or 1.8, the empirically determined
fairings shown in figure 1k are recommended for use as a guide in the
use of the theory to obtain approximate estimates in this Mach number
range when force-test data are not avilable.

Experimental data have indicated that for vertical-tail configura-
tions which have a tail length (distance from the center of gravity to
the tail center of pressure) that is relatively short in terms of tail
chords, the rearward shift of the tail center of pressure at supersonic
speeds can cause an appreciable increase in the tail length and
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consequently an appreciable increase in the magnitude of some of the
tail derivatives. Theoretical center-of-pressure positions for various
plan forms at supersonic speeds are given in reference 107.

EFFECTS OF POWER

On the basis of existing information, the effects of power on the
lateral stability derivatives appear to be negligible in the case of
jet-propelled airplanes but these effects are often very large in the
case of single-engine propeller-driven airplanes. Methods are available
for estimating some of these power effects but in most cases experimental
data are necessary for making a satisfactory estimate. The effects of
power can be broken down into two general classes:

(1) The effects of the lateral force produced by the propeller
itself

(2) The effects of the propeller slipstream on the wing, fuselage,
and vertical tail of the airplane

Effects of propeller lateral force.- A method of estimating the
propeller-lateral-force derivative CYB is presented in reference 31

which is based on the work of references 32 and 33. The contribution

of the propeller lateral force to the other stability derivatives can

be estimated from this derivative by assuming that the propeller is
effectively a vertical tail surface and by using the expressions for

the tail contribution to the various derivatives presented in the
preceding sections. Some experimental data on the effect of windmilling
propeller on all of the derivatives are presented In reference 65.

Effects of propeller slipstream.- The effects of propeller slip-
stream on the lateral-stability derivatives are usually much greater
than the effects of propeller lateral force in the case of single-engine
tractor airplanes. The slipstream effects on the wing, the fuselage,
and the vertical tail can be considered as three independent effects.

The slipstream effects on the wing can usually be neglected except
for the derivatives CZB and Cip.. Experimental data showing the

decrease in effective dihedral —Cz@ with power for single-engine air-
planes are presented in references 5k, 55, 56, T4, and 80. It appears
highly desirable to determine this effect of power experimentally

hecause interference effects make accurate estimations of the effect
very difficult. The effect of the slipstream on the value of Clrwing

cannot be estimated from the data on Cleing as described in the
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section on Cj,.. In fact, this procedure would probably give the wrong
sign for the increment of Czrwing contributed by the slipstream. An

approximation of this increment might be obtained by estimating the slip-
stream velocity and the lateral displacement of the slipstream caused

by yawing. Usually the power effects on CZB . and Ci,. | will be
wing wing

greatest for the flap-extended configuration.

In the case of the single-engine airplane the effect of the slip-
stream on the fuselage is usually to increase negatively the values
of Cng and Cyg. (see references 5k, 55, 56, 71, T4, and 76.) Since

no accurate methods of estimating these slipstream effects on CnB
and CYB are available, it is necessary to determine them from force-
test data.

The effects of the slipstream on the vertical tail are often very
important and should also be determined from experimental data, if
possible. The increase in dynamic pressure at the tail caused by the
slipstream is treated theoretically in reference 116 and is illustrated
by the experimental data of references 50, 54, 55, 56, 71, Tk, and 76.
The experimental data of reference 76 also show that the propeller slip-
stream can cause a destabilizing sidewash at the tail which will tend
to reduce the stabilizing effect of the increased dynamic pressure at
the tail. Since these data indicate that slipstream effects on the
vertical tail vary greatly with airplane configuration and propeller

) arrangement (single or dual rotation), use of experimental data appears
to be the only satisfactory estimation procedure at present.

Suggested estimation procedure for power effects.- The following
procedure is suggested for estimating power effects. Obtain force-
test data for tail off and tail on. Use tail-on data directly for CYB’

Cn and Cj3p. Estimate rolling and yawing derivatives as follows:
B B

(1) Estimate from reference 31 and use this deriva-

CYBpropeller
tive and proper linear dimensions to estimate other propeller deriva-
tives (rolling and yawing derivatives) in the same manner as tail
derivatives.

(2) Subtract tail-on data from tail-off data to get values of
c ’ F _ e s
CYBtail’ NBigsi1” and CZBtail or the power-on condition and use
these values to estimate the tail contribution to the other derivatives.

- (3) For tail-off values of rolling and yawing derivatives, use
same values as for power-off for all derivatives except Cip. Estimate

- C1, as suggested in preceding section.
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(4) Add the values obtained in steps 1, 2, and 3 to get the
rolling and yawing derivatives for the complete airplane.

INADEQUACIES IN PRESENT INFCRMATION AND METHODS

In the course of summarizing the estimation methods for the various
stability derivatives, the need for much additional information on all
the derivatives became apparent. In particular, information is needed
to aid in the estimation of the derivatives in the transonic and super-
sonic speed ranges. Additional work also needs to be done in correlating
and analyzing existing subsonic data and in obtaining new experimental
data for the development of semiempirical methods of estimating the sub-
sonic derivatives without resort to force-test data. Another important
need is for full-scale experimental results at all speeds for checking
both low-scale data and the existing methods of estimating derivatives.
Details of the need for additional work along these lines are discussed
in the following sections. Studies should alsoc be made to determine
the conditions for which the use of steady-state stability derivatives
in conventional stability equations is inadequate and to determine
satisfactory methods of treating such conditions.

Transonic and Supersonic Speeds

Additional theoretical work is needed on the estimation of sta-
bility derivatives in the transonic and supersonic speed ranges to
cover the range of wing plan forms for all the derivatives. In particu-
lar, more work is needed on plan forms currently under consideration,
such as wings having moderate sweepback and taper. This need is illus-
trated by table II which indicates that very little material is available
on the stability derivatives for such plan forms except, perhaps, for
the derivative Czp. It appears from the table that this derivative

and the triangular plan form have, in the past, received a dispropor-
tionate share of attention, probably because of the greater ease with
which they could be treated theoretically.

The greatest need for work on stability derivatives at the present
time is probably in the measurement of the derivatives at transonic and
supersonic speeds. Experimental data on wings are urgently needed for
checking the theoretical work and for use in the development of empirical
corrections to the theory wherever necessary. Such corrections are
particularly needed for fairing out abrupt variations of the derivatives
with Mach number and for fairing through the Mach number range for which
theory predicts infinite values. Examples of such discontinuities as
indicated by theory are shown in figures 8 to 13 of reference 103.
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Since experimental data obtained at supersonic speeds on wing-fuselage
combinations and on complete models have revealed interference effects
that are different from those obtained at subsonic speeds, it appears
highly desirable to obtain at least a limited amount of experimental
data at transonic and supersonic speeds to evaluate these interference
effects. For example, investigations should be undertaken to determine
the effect of wing-fuselage interference on the derivative CZB and

the end-plate effect of the horizontal tail on the lift-curve slope of
the vertical tail.

Most of the experimental data on stability derivatives at transonic
and supersonic speeds will of necessity be obtained at Reynolds numbers
considerably less than full-scale values and under test conditions which
might render the results open to question in some cases. Full-scale
checks in flight of the low-scale data and of the estimation methods
therefore appear to be desirable. Consequently the methods of measuring
stability derivatives in flight now being developed by the Cornell
Aeronsutical Laboratory, the Massachusetts Institute of Technology, and
the NACA should be extended to transonic and supersonic speeds when the
methods appear to be developed to a satisfactory degree of reliability
for the subsonic case. Some preliminary considerations involved in the
use of these flight techniques are discussed in references 117 to 120.

Subsonic Speeds

The methods presented in this paper for estimating the stability
derivatives at subsonic speeds depend either directly or indirectly on
the use of force-test data. These methods are probably more reliable
than methods which do not involve the use of force-test data on the
particular design under consideration or on a similar design. Methods
which do not rely on such data are desirable in some cases, however,
because the necessary data will not always be available.

In the case of sideslip derivatives, empirical methods can probably
be developed largely from existing information. In some cases it will
be necessary to augment the existing information with new results since
much of the available force-test datas were not obtained in a manner that
would make the data readily usable for developing general estimation
procedures.

In the case of rolling and yawing derivatives, considerably less
Iinformation is available than in the case of the sideslip derivatives.
Most of the information now available was obtained in the Langley
stability tunnel, principally on wing configurations and to a limited
extent on complete airplane models and airplane components other than
the wing. Considerably more work is required, especially for components
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in combination, before satisfactory methods can be developed for
estimating rolling and yawing derivatives without the use of force-test
data on the particular design under consideration or on a similar design.

In discussing the work necessary for developing new procedures for
estimating the stability derivatives without the use of force-test data
on the design under consideration or on a similar design, it is useful
to break the problem down into two parts: (1) effect of individual
components and (2) the effect of interference of the components on each

other.

The principal components to be considered are the fuselage, wing,
vertical tail, and propeller. For the isolated fuselage, the main
problem is the development of methods for the estimation of CnB and

then, perhaps, of Cp, and CYB‘ For the isolated wing, the main

problem is to estimate the derivatives at 1lift coefficients above that

at which separation begins. Such estimations can be made with reasonable
accuracy for some of the derivatives by existing methods which make use
of force-test data, but the development of methods which do not involve
the use of force-test data will probably be very difficult. For the
isolated vertical tail, the problem is to establish the effective tail
area and aspect ratio from the geometry of the tail so that the 1lift-
curve slope @r CYB) of the tail can be calculated. Solutions to this

seemingly simple problem have in the past become involved with interfer-
ence effects so that, as yet, no reliable methods have been published
for estimating CYB of the vertical tail from its geometry. For the

isolated propellers, the work that is needed at present is a systematic
check of existing methods of estimating the lateral force on the
propeller to determine the accuracy of these methods.

The principal interference effects to be considered are mutual
interference of the wing and fuselage; wing-fuselage interference on
the vertical tail; horizontal-tail interference on the vertical tail;
propeller-slipstream interference on the wing, fuselage, and vertical
tail. The mutual-interference effects of the wing and fuselage are
probably important only for the derivatives CZB, Cnﬁ’ and Czr. A

large amount of experimental data is available for the sideslip deriva-
tives but no procedures for estimating the interference effects on these
derivatives have been reported. Wing-fuselage interference has very
important effects on CYB of the vertical tail, and consequently on all

of the stability derivatives for some flight conditions. These effects
result from the sidewash and change in dynamic pressure at the taill
which may result from sideslipping, rolling, or yawing. Although con-
siderable data which show these interference effects are available,
particularly for the case of sideslipping, no reliable methods exist
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for estimating the interference effects. Horizontal-tail interference
also has an important effect on CYB of the vertical teil for some

horizontal-tail positions. Some work on a limited number of configura-
tions has been done toward developing methods of estimating this effect
but data are required on more configurations before the generally appli-
cable methods can be evolved. The propeller slipstream can cause impor-
tant effects on CZB and Cj, of the wing, on CnB and CYB of the

fuselage, and on Cyp of the tail (and consequently on the tail contri-
bution to all the derivatives). Some data are available for the effect
of the slipstream on the sideslip derivatives but, because of the com-
plexity of this problem, considerable additional data may be required
before a satisfactory method of estimating the slipstream effects can
be developed.

As mentioned in the preceding section, full-scale checks of low-
scale data and of the estimation methods are desirable. For the sub-
sonic case some of the checks can be obtained from large-scale wind-
tunnel tests but some checks in full-scale flight tests should also be
obt~ined when the various methods of measuring stability derivatives in
fli, at have been developed to a satisfactory degree of accuracy.

Langley Aeronautical Laboratory
National Advisory Committee for Aeronautics
Langley Field, Va., December 13, 1950
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APPENDIX A
EQUATIONS OF MOTION

The dimensional equations for the lateral motions of an alrplane

are
2 42 .
o d¢g oL dg @y oL 4y oL _
mkx dt2'8§dt+mk 12 "rat " ov k=0 (A1)
P wag, ooy Wmay N _
myz 5" Spat Tz ;2 T ara ov ' M =0 (42)
-%ga%-(Llft¢+ Vd“’ -glg—;"-(Lift)(tany)¢+m%‘£’--%-v—‘rc=

(A3)

If equations (Al) and (A2) are divided by %QVESb and equation (A3) is

divided by %pVES the equations of motion may be expressed in the con-

ventional nondimensiocnal form in which they have generally been presented
in NACA reports (for example, see reference 2):

2 )
2da¢ 1, 4 v 1, & }
EHK‘X dsg - 5 CZP s + E}J.KXZ dSQ - ) CZI' ds - CzBB - CZC =0
o o
g 1 ag 2d%y 1 av -
EHKXZ dsg -3 Cnp as + EHKZ d82 -5 C Ny ds C BB ne - 0 > (A)"_)
1, a1 d‘lf dp
-50rp 35 - Cif + 20 3D - 5 Cyy 5o - CLltan 7))y + 2u - -
Cygh - Cy, = O )
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In order to convert these equations into a form which will reduce the
number of arithmetical and algebraic steps in performing stability cal-
culations, equations (A4) are multiplied by m/pSb and written in the

followlng form:

<D2 - ?,PD>¢ + (KlD

(—yPD - %Ii)gzﬁ + (D - ypD - & tan 7)¢+

where
- _n
T
Kxz
Ky = =3
Kx
i
s =3
dKX
1
1, = —=——
P 2
LLKX
1
Zr = "“"‘"‘2‘
lLKX
lc = K

2

- zrD>w - 1p8 - I¢

- nPD)Qﬁ + (D2 - nTD)W - nBB - n,

Cy,

n

yg =

Jr =

Je =

~

\ (A5)

|t
jol]
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APPENDIX B
APPLICATION OF THE LAPLACE TRANSFORMATION TO CALCULATING MOTIONS

The application of the Laplace transformation to the calculation
of the lateral motions of airplanes is presented in order to illustrate
the development of the equations of motion in the form in which they
are presented in the present paper. This work is similar to that pre-
sented in references 5 and 6. In fact, it follows the presentation in
reference 5 very closely. Reference 6 presents a brief explanation of
the Laplace transformation and its application to solution of the equa-
tions of motion of an airplane. This paper also makes reference to
detailed explanations of the Laplace transformation. In cases where
modification of the equations presented in the present paper are neces-
sary, reference should be made to these texts for an understanding of
the mathematics involved. Applying the Laplace transforms

% L(Dg) = Ay - &0
¢X L(D2¢) = k2¢x - X¢o - (D¢)O

(1)

L(g)

and multiplying each of the equations by )\ transforms equations (AB) -
from appendix A to

1

2 2
<K2x3 - nph >¢x + <x3 - np )Wx - gy = I C (p1)

CL C
(’yp)‘g -2 )”>¢>» + [}2 - yrxg - —gli(tan 7)&‘\“ + (xe - yB)\) B’y = r?—))

where

ry = (A - 1080 + (K122 = LA + M(DP)g + KpM(D¥)g + 1

I

ro = (KoA2 - npA)fo + (A2 - nph)¥o + KoA(Dg)o + MD¥)o + nc

ry = -ypx¢o + (A = ypAM Vo + ABo - Yo
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Solving equations (Bl) by determinants gives

-1 r1 KA3 - 1pA°
2
—nB)\. I'2 X3 - n_rk
A2 A 22 22 - Ligan o)
y R 3 T Yph - ey
AT B 5
~1gh A3 - kA3 - 1A
o\ K23 - nA° A3 - n A2
B 2 p r
c c
2 2 _ YL 2 e _ L
A - ygh YA - 5 M AT = YA - 2(tan 7 IA

which may be expressed as

_ aok5 + alku + a2K3 + a3X2 + ahk + 85

N : (B2)

xg(Ax” + B 4+ OA° 4+ DA+ E)

Similarly, the expressions for Wk and BX are
i 2
boA? + b1t + b3 + bad® + YA + by

A (AX + BA” + CA™ + DA + E)

Coxu + clx3 + c2x2 + c3x +cy
B)" = (B)‘\L)

x(Axh + B3 + A2 + DA+ E)

where the expressions for the coefficients in equations (B2) to (BU4) are
given in terms of the mass and aerodynamic stability derivatives by
equations (1) to (4) in the main body of this paper.

In order to obtain the actual variables from the transformed
variables, an inverse Laplace transformation must be applied. The
expressions for ¢K’ ¥y, and B, are of the form ux/vx where uy
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and vy are polynomials, the degree of v, being higher than that
of wu,. The inverse transform of a function of this type is

-w) _ s uy) o
L (VX> - g;;'gﬁzxgy (B5)

In this equation all of the roots A of v, =0 are assumed to be
distinct. This assumption is valid for BX; but for ¢X and WX’

vy, = 0 has two zero roots. (see equations (B2), (B3), and (B4).) The
terms in the equations for ¢ and V¥ resulting from the two zero roots

are
40
3-(0) + a(0)o (86)
where
u
Q=22
a

The inverse transforms of ¢X) 'Wx, and B, are from equations (B%)

and (B6)
§ = 8™ 4 ae™2 + 23673 4 A4e°X4 + Aso + Ag (BT)
¥ o= Blec’)”l + Bgem”2 + B3eU>V3 + BueGML + Bso + Bg - (B8)
B = Clecxl + Czecxe + C3eGX3 + CueOML + Cs V(B9)

The equations for the rolling velocity p and the yawing velocity r
can be obtained from equations (B7) and (B8) by differentiation

p = 2{ane™ 4 anpe™2 + apse™3 4 ae™h 4 A5> (B10)
op oA aAr oA
r = %(glxle L 4 Bodge © + Bahge O + Byhe by B?> (B11)

where the expressions for the coefficients of equations (BT7) to (Bl1l)
are given by equations (6) to (8) in the section "Calculation of Motions."
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APPENDIX C

SOLUTION OF BIQUADRATIC EQUATION

Many methods are available, of course, for solving for the roots
of a biquadratic equation. For example, there are Horner's, Ferrari's,
Bernoulli's, Descartes', and Hitchcock's methods; various methods of
solution by trial; and also various graphical methods such as that
given in reference 1. Solution by trial in which synthetic division is
used, however, is recommended as being the simplest method for most
lateral stability work. The characteristic equation for the lateral
motions of an airplane

Aku + BX3 + Cke + DL +E =0

generally has two real roots and a pair of conjugate complex roots. For
these cases the two real roots can be factored out easily and the
remaining quadratic solved for the conjugate complex roots. In the few
cases for which all four of the roots of the characteristic equation
are complex, Descartes' method can be used to factor the biquadratic
equation into two quadratics. When there are real roots, solution by
Descartes' method requires more time than factoring out the real roots
singly and consequently is not recommended for general use. These
methods of solution are explained in the following sections.

Solution by Trial by Means of Synthetic Division

Solution for real roots by trial by means of synthetic division
consists of successive approximations of a root and checking by synthetic
division until the root is determined to the desired degree of accuracy.
This check by synthetic division is based on the fact that if a 1is a
root of a polynomial f(x) then x - a is a factor of f(x) and con-
sequently no remainder is left when f(x) is divided by x - a.

The method of solving the stability biquadratic equation by trial
with synthetic division is explained in three steps in the following
sections. First, the rule for synthetic division and a numerical
example are given. Second, the specific use of synthetic division for
factoring a biquadratic is illustrated by a simplified example for
which the roots are known. This example shows how the cubic and then
the quadratic factors of the biquadratic are obtained. Third, the use
of synthetic division in extracting the roots of a representative
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characteristic stability biquadratic is illustrated with special refer-
ence to methods of making the first approximations of the real roots.

Explanation of synthetic division.- Synthetic division 1s explained
in almost all algebra text books but is presented herein for the con-
venience of the reader. The rule for synthetic division may be given

as follows:

Assume that a polynomial in x (f(x)) 1is to be divided by x - a;
write the coefficients of the polynomial in order, supplying O when
a cocefficient is lacking.

Multiply a by the first coefficient, and add (algebraically) the
product to the next coefficient.

Multiply this sum by a, add to the next coefficient, and proceed
until all the coefficients are used. The last sum ig the remainder and
also the value of the polynomial when a 1is substituted for the

variable X.

For example, divide x4 + 3x3 + 3x2 -x -6 by x - 3.

1+3+ 3- 1-_ 06

+ 3+ 18 + 63 + 186 |3
1 +6 + 21 + 62 + 180

Use of synthetic division in factoring out roots.- The use of
synthetic division to factor out two known rational roots of a biquadratic
equation is illustrated by the following simple example. These two
rational roots represent the two real roots of the characteristic sta-
bility equation which, of course, are not normally known but can be
approximated by the method given in the next section of this paper.

One factor of the biquadratic is x - 1 so there is no remainder
when the biquadratic is divided by the root 1

1+3+3-1-6

+1l+h+7+6]1
I1+4h+7+6 O

Since the remainder is 0, x - 1 1is one factor of the biquadratic

equation and x3 + hx® + 7x + 6 is another factor. Inasmuch as a
cubic equation must have at least one real root, a second real root of
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]

the biquadratic equation can be factored out of the cubic. For
example x + 2 1is a factor so divide the cubic by the root -2.

1+4+7+6

-2 -4 -6 |-2
1+2+ 3 0

The factors of the biquadratic then are x -1, X + 2, and x2 + 2x + 3.
The quadratic factor can be solved for its roots by the quadratic
formula, For example

Example of application to characteristic equation.- Reasonably
accurate first approximations to the real roots of the characteristic
equation can be obtained from simple formulas. Successively closer
approximations can then be obtained by interpolating from the remainders.
The following example illustrates the application of this method to
obtaining the roots of the stability biquadratic. The biquadratic

W+ 104303 + 16,3202 + 68.61 - 9.10 = 0

is of the form

a3 sl s+ E =0

Since the coefficient E 1is generally much smaller than coefficient D
in lateral stability work, one of the real roots (usually the smaller
of the two) is approximately equal to -E/D or it may be more closely
approximated by the equation

or for the particular case

A= - -9.10 y = 0.129

(16.32)(-9.10
68.6 - 5.5
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Approximating the root by synthetic division "
1+ 10.43 + 16.32 + 68.6 - 9.10 Approximation

+ .13+ 1.36 + 2.3+ 9.10 |.128k4 2

+ .13+ 1.36+ 2.3+ 9.1k ].129 1

T + 10.56 + 17.68 + 70.9 + .Ok 1

1+ 10.56 + 17.68 + 70.9 + 0 2

For this root, the second approximation was determined by dividing the
coefficient E by the fourth sum from the quotient

_-9.10
70.9

This procedure generally provides a good second approximation for the
small real root.

The cubic equation obtained by setting
3 2
A> + 10.56A° + 17.68n + T70.9
equal to zero is of the form
arx3 + DA + A +d = 0
In most lateral-stability work, a real root of this equation will be

approximately equal to -b or it may be more closely approximated by
the equation

b3 + d

A = -
b2 + C

or for the particular case

3
X = - (10.56)2 + 70.9  _ 9.65
(10.56) + 17.68
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Approximating the

root by synthetic division

1+ 10.56 + 17.68 + 70.9 Approximation
- 9.48 - 10.20 - 70.9 | -9.485 )
- 9.49 - 10.16 - 7TL.k | -9.49 5
- 9.48 - 10.25 - 70.4 | -9.48 L
- 9.4 - 10.50 - 67.9 | -9.45 3
- 9.55 - 9.6k - 76.8 | -9.55 2
T 3
1+ 1.00+ 8.04 - 5.9 2
1+ 111+ T7.18 + 3.0 3
1+ 1.08 + T7.43 + 0.5 b
1+ 1.07+ 7.52 - 0.5 5
1 +1.075 + 7.48 0 6

For this large real root there is
second approximation as there was

The magnitude of the estimated root in this case is arbitrarily
increased or decreased slightly from the first approximation.
remainders determined from the first two approximations,

no simple method of determining the

63

in the case of the smaller real root.

third approximation can then be made.

Factoring the quadratic equation obtained by setting

AZ + 1.07T5% + 7.48

From the
a fairly close

equal to zero by use of the quadratic formula gives the final two roots
of the biquadratic equation.

I

1.075 i\/l.l6 - 29.92
- 2

-0.538 ¢ 1

-0.

538 £

28.76

2.68i
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The roots of the bigquadratic equation may be checked by multiplying
the four factors to determine whether their product equals the original
biquadratic

(» - 0.1284)(n + 9.485) (N + 0.538 + 2.681)(A + 0.538 - 2.681) = (xe + 9. 45T -

1.220)(A° + 1.07Th + T.47) = A4 10,4303 + 16,3207 + 68.61 - 9.10

Solution by Descartes' Method

Descartes' method of solving a biquadratic equation is particularly
useful for solving equations which do not have any real roots. This
method is explained in most text books on advanced algebra and theory of
equations. In general, the method consists of reducing the biquadratic
equatlion to a cubic equation which can be solved easily. One root of
the cubic equation is used to form two quadratic equations the roots of
which are used to obtain the roots of the biquadratic equation.

Method.- Reduce the general biquadratic equation

B3+ A2+ DA+ E=0

tc the form
M i3+ A+ dv+e=0

by dividing by A.

Obtain the values of ¢, r, and s from the following equations:

_ 342
g=c¢ - = b
8
_ 4 _bc, 1,3
r =4 - 5 + ) b
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and form the eguation

x6 + % qxh +€%§ q2 - % s)x2 - ét r? = 0

and solve this cubic equation in x° for one of its roots x° % 0.
Solution by trial by means of synthetic division is recommended.
Determine the values of 1 and m from the equation

I R
L=p+ex - g
IR B
m—2+2x +H

Substitute the values of 1 and m and the value of x used in
obtaining 1 and m in the equations

It
O

2
vy +2xy + 1

y2 -2xy +m =0

and solve these quadratic equations for their roots y from which the
roots of the biquadratic equation may be obtained from the following
relation:

b
)\,zy-z



uotqgenbe syy £gq Pa9BOTPUT ST sIaqunu XoTdmod 9S8yl JO UOTSTATP aYJ

t(Trge + 2ras + S1oq + frag + Stvo) + (Tuwe + Zuas + Swon + Mumg + Suvo)
ﬂAHH:@ + 21%e + 1% + M1Te + mHomv + Amm + Tye + Syte + £9%e + fiyle + mmomv

“H<

NACA TN 2409

soaT® Ty Jaoy uotssaadxs 9yl UT TII + ¥ 400X 3y3 JO uUOT3NgTASqng

1+ = Ty

™+ Ty = Ty

167 + g = X

+
QJ

~
I
—

<

191
T+ Ty = Ty

uayq

A
P+ Ry = T

se pessaxdxs aae [y Jo sgsmod 8yl JT
pue Ty $9001 sy3 Jo auo ST TIT + ¥ JI ‘xoTdwod =383nfucd =9 TIIA <S) DPue Ty ‘g pue 1g
‘2y pue Ly SQULTOTIJo00 oyy ‘xordmod o3e8nfuod axe oY pur Y S300X Y3} JO OM3 USUYM

SLO0Y XJIdWOD SVH NOIIVASH DIISIYAIOVIVHD HHL

NHHM SNOIIOW DNIIVINDTYD NI @IS NOLLVION TVIDAdS

a XTaNEddV

66




67

NACA TN 2409

S® 09 PaJIsagal aq KeW UYOTUM

t(Trme + S1ac + Cron + Mrag + Stvo) + (Tame + Suae + Swon + Mgmg + Suvo)

= Tn
HAHH:Q + 2180 4 €135 4 f7To 4 mHoov + Aamﬁo + Ogto + S8 & Mylo + mmoov

‘osTV

1 - 9y = g
pue

1 + 8y = Tg

S®B 07 PaJIsat oq ABW UYOTUM

T (Tizme + S1ac + from + Mrgg + mH¢mo + (tyme + Cuac + Caon + Muag + mm<mv g
ﬂAaH:p + 218q + €13q + W11q + mHopv + Amp + Ugllq + Sgtq + €xq + tylq + mmonv

SqUSTOTJIIE00 Y SY3 JIOF 9Soyz 03 JeTIWIs saanpadoad £g
™I - Vg =2y
SB 04 paJIISJal 99 TTIM @d@. Ty j0 sq®8nfuod suz ST oy
™I+ Vg =Ty

ISMOTTOI sB Ly JO saaxed L£IeurdewWI pue Teal oYy jussaadsa oq pasn
9Je STOqEAS MSU 9SBO STIYY} Ul ‘Joqunu xoTdmoo & ST [V 498yl SUOTYBRTOI 9S9yy WOIJ JuUspTAad ST 2T

S S 1< c
> £ + z X . > K + > X B ﬂmh + %

ShTx - T2x  2£TK + SxIx 11K + Ix

T




(o)
O
=
Q
=1
=
<T
M Hm—H - m_m = ‘:m
=
pus
Hr+ 8-t
‘osTv
1(T,rme + 21ag + uton + Trag + Siavg) + (Towme + Syuae + Sowon + Mowag + Somvg) £y
(T1he + Si1%e + €,1% + M,1Te + m_Homv + Amm + Tule + S,yfe + & 0 + M yle + m_momv
oIoym
‘.md..H - <.m = .Jd<
pue

v+ Vg

ty

wowy (T,T - = Topwe TI o+ = by
so1aTauBeNb xoTdwod 91BIN{UOCD OSTB 2aB Iy pue mx S100X 3yl IT ‘9BYQ SMOUS SISATBUBR JBTTWIC

™1 - Y5 =)

pue

It
—
&

91 + Oy

68




69

. |
t(Trme + 2irac + Sizon + Mutag + Si1ve) ¢ (Tome + Soaae + Sowon + M « S.avg) e
(T + Sirfo + €18 4 MrTo + G 105) & (Tigfo + 2,45 + C,4@0 + M,ulo 4 C,g00)
aJIoum
™1 -9y ="
pue
0,1 + g = &
‘LraeTTWIS
2
i P hame + 9Iae + ©1on + MTag + Sitvo) + (Towme + Souag + Souon + Mouac + S uvo) _ £q
: _
& T LI+ Sirfa + £,18% + M1Ta + €,10q) + (Sq + T + 2,utq + ©,u%q + T,ula + S, 40q)
S
odaUM
=




70

10.

11.

12,

NACA TN 2409
REFERENCES

Zimmerman, Charles H.: An Analysis of Lateral Stability in Power-
Off Flight with Charts for Use in Design. NACA Rep. 589, 1937.

. Sternfield, Leonard: Effect of Product of Inertia on Lateral

Stability. NACA TN 1193, 1947.

. McKinney, Marion O., Jr., and Drake, Hubert M.: Correlation of

Experimental and Calculated Effects of Product of Inertia on
Lateral Stability. NACA TN 1370, 1947.

Jones, Robert T.: A Simplified Application of the Method of
Operators to the Calculation of Disturbed Motions of an Airplane.

NACA Rep. 560, 1936.

Murray, Harry E., and Grant, Frederick C.: Method of Calculating the
Lateral Motions of Aircraft Based on the Laplace Transform. NACA

TN 2129, 1950.

Mokrzycki, G. A.: Application of the Laplace Transformation to the
Solution of the Lateral and Longitudinal Stability Equations. NACA
TN 2002, 1950.

Jones, Robert T.: Calculation of the Motion of an Airplane under
the Influence of Irregular Disturbances. Jour. Aero. Sci., vol. 3,
no. 12, Oct. 1936, pp. 419-425.

. Sternfield, Leonard, and Gates, Ordway B., Jr.: A Method of Calcu-

lating a Stability Boundary that Defines a Region of Satisfactory
Period-Damping Relationship of the Oscillatory Mode of Motion.
NACA TN 1859, 1949.

Brown, W. S.: A Simple Method of Constructing Stability Diagrams.
R. & M. No. 1905, British A.R.C., 1942,

Schy, Albert A.: A Theoretical Analysis of the Effects of Fuel
Motion on Airplane Dynamics. NACA TN 2280, 1951

Sternfield, Leonard: Some Effects of Nonlinear Variation in the
Directional-Stability and Damping-in-Yawing Derivatives on the
Lateral Stability of an Airplane. NACA TN 2233, 1950.

Greenberg, Harry: Frequency-Response Method for Determination of
Dynamic Stability Characteristics of Airplanes with Automatic
Controls. NACA Rep. 882, 1947. (Formerly NACA TN 1229.)




NACA TN 2409 ' 71

13. Sternfield, Leonard, and Gates, Ordway B., Jr.: A Theoretical
Analysis of the Effect of Time Lag in an Automatic Stabilization
System on the Lateral Oscillatory Stability of an Airplane. NACA
TN 2005, 1950.

1k, Jones, Arthur L., and Briggs, Benjamin R.: A Survey of Stability
Analysis Techniques for Automatically Controlled Aircraft. NACA
IN 2275, 1951.

15. Gates, Ordway B., Jr., and Schy, Albert A.: A Theoretical Method of
Determining the Control Gearing and Time Lag Necessary for a
Speclified Damping of an Aircraft Equipped with a Constant-Time-~Lag
Autopilot. NACA TN 2307, 1951.

16. McKinney, Marion O., Jr., and Maggin, Bernard: Experimental Verifi-
cation of the Rudder-Free Stability Theory for an Airplane Model
Equipped with Rudders Having Negative Floating Tendency and
Negligible Friction. NACA ARR LL4JO0Sa, 194k,

17. Greenberg, Harry, and Sternfield, Leonard: A Theoretical Investiga-
tion of the Lateral Oscillations of an Airplane with Free Rudder
with Special Reference to the Effect of Friction. NACA Rep. 762,
1943. (Formerly NACA ARR, March 1943.)

18, Cohen, Doris: A Theoretical Investigation of the Rolling Oscilla-
tions of an Airplane with Ailerons Free. NACA Rep. 787, 194k,
(Formerly NACA ARR 4A06.)

19. Sternfield, ILeonard: Effect of Automatic Stabilization on the
Lateral Oscillatory Stability of a Hypothetical Airplane at
Supersonic Speeds. NACA TN 1818, 1949.

20. Routh, Edward John: Dynamics of a System of Rigid Bodies. Part I.
Eighth ed., MacMillan and Co., Ltd., 1913. (Reprinted 1930.)

21l. Hunsaker, J. C., and Wilson, E. B.: Report on Behavior of Aeroplanes
in Gusts. NACA Rep. 1, 1915.

22. Wilson, Edwin Bidwell: Theory of an Airplane Encountering Gusts.
Part II. NACA Rep. 21, 1917. Part III. NACA Rep. 27, 1918.

23. Mazelsky, Barnard, and Diederich, Franklin W.: Two Matrix Methods
for Calculating Forcing Functions from Known Responses. NACA

TN 1965, 1949,

2k, sternfield, Leonard, and Gates, Ordway B., Jr.: A Simplified Method
for the Determination and Analysis of the Neutral-Lateral-
Oscillatory-Stability Boundary. NACA Rep. 943, 1949. (Formerly
NACA TN 1727.)




T2

25.

26.

27.

28.

29.

30.

31.

32,

33.

3h.

35.

36.

NACA TN 2409

Toll, Thomas A., and Queijo, M. dJ.: Approximate Relations and
Charts for Low-Speed Stability Derivatives of Swept Wings. NACA

TN 1581, 1948.

Fisher, Lewis R.: Approximate Corrections. for the Effects of Com-
pressibility on the Subsonic Stability Derivatives of Swept Wings.
NACA TN 185k, 1949.

Katzoff, S., and Mutterperl, William: The End-Plate Effect of a
Horizontal-Tail Surface on a Vertical-Tail Surface. NACA

TN 797, 1941.

Murray, Harry E.: Wind-Tunnel Investigation of End-Plate Effects
of Horizontal Tails on a Vertical Tail Compared with Available
Theory. NACA TN 1050, 1946.

Shortal, Joseph A.: Effect of Tip Shape and Dihedral on Lateral-
Stability Characteristics. NACA Rep. 548, 1935.

Purser, Paul E., and Campbell, John P.: Experimental Verification
of a Simplified Vee-Tail Theory and Analysis of Available Data
on Complete Models with Vee Tails. NACA Rep. 823, 19h45.
(Formerly NACA ACR L5A03.)

Ribner, Herbert S.: Notes on the Propeller and Slipstream in
Relation to Stability. NACA ARR LLIl2a, 194k,

Ribner, Herbert S.: Formulas for Propellers in Yaw and Charts of
the Side-Force Derivative. NACA Rep. 819, 1945. (Formerly
NACA ARR 3E19.) :

Ribner, Herbert S.: Propellers in Yaw. NACA Rep. 820, 1945,
(Formerly NACA ARR 3109.)

DeYoung, John: Theoretical Additional Span Loading Characteristics
of Wings with Arbitrary Sweep, Aspect Ratio, and Taper Ratio.
NACA TN 1491, 1947. (Also included in NACA Rep. 921, 1948.)

Brewer, Jack D., and Lichtenstein, Jacob H.: Effect of Horizontal
Tail on Low-Spegd Static Lateral Stability Characteristics of a
Model Having 45~ Sweptback Wing and Tail Surfaces. NACA TN 2010,
1950. :

Michael, William H., Jr.: Analysis of the Effects of Wing Inter-
ference on the Tail Contributions to the Rolling Derivatives.
NACA TN 2332, 1951.




NACA

57.

L]

58.

59.

60.

61.

62.

63.

6L .

65.

66.

67.
68.

TN 2409 ™

Tosti, Louis P.: Low-Speed Static Stability and Damping-in-Roll
Characteristics of Some Swept and Unswept Low-Aspect-Ratio Wings.
NACA TN 1468, 1947.

Queijo, M. J., and Jaquet, Byron M.: Investigation of Effects of
Geometric Dihedral on Low-Speed Static Stability and Yawing
Characteristics of an Untapered 45° Sweptback-Wing Model of Aspect
Ratio 2.61. NACA TN 1668, 1948, .

Goodman, Alex, and Brewer, Jack D.: Investigation at Low Speeds of
the Effect of Aspect Ratio and Sweep on Static and Yawing
Stability Derivatives of Untapered Wings. NACA TN 1669, 19L48.

Letko, William, and Cowan, John W.: Effect of Taper Ratio on Low-
Speed Static and Yawing Stability Derivatives of 1459 Sweptback
Wings with Aspect Ratio of 2.61. NACA TN 1671, 1948,

Schade, Robert O0.: Effect of Geometric Dihedral on the Aerodynamic
Characteristics of Two Isolated Vee-Tail Surfaces. NACA TN 1369,

1947,

Polhamus, Edward C., and Moss, Robert J.: Wind-Tunnel Investigation
of the Stability and Control Characteristics of a Complete Model
Equipped with a Vee Tail. NACA TN 1478, 1947.

Letko, William, and Goodman, Alex: Preliminary Wind-Tunnel Investi-
gation at Low Speed of Stability and Control Characteristics of
Swept-Back Wings. NACA TN 1046, 1946,

Lockwood, Vernard E., and Watson, James M. : Stability and Control
Characteristics at Low Speed of an Airplane Model Having a 38.7°
Sweptback Wing with Aspect Ratio L4.51, Taper Ratio 0.5k, and
Conventional Tail Surfaces. NACA TN 1742, 1948.

Bird, John D., and Jaquet, Byron M.: A Study of the Use of Experi-
mental Stability Derivatives in the Calculation of the Lateral
Disturbed Motions of a Swept-Wing Airplane and Comparison with
Flight Results. NACA TN 2013, 1950.

Pearson, Henry A., and Jones, Robert T.: Theoretical Stability and
Control Characteristics of Wings with Various Amounts of Taper
and Twist. NACA Rep. 635, 1938.

Multhopp, H.: Aerodynamics of the Fuselage. NACA TM 1036, 1942,

Imlay, Frederick H.: The Estimation of the Rate of Change of
Yawing Moment with Sideslip. NACA TN 636, 1938.




6

69.

T0.

TL.

T2.

73.

Th.

.

7

78.

9.

NACA TN 2409

Pass, H. R.: Analysis of Wind-Tunnel Data on Directional Stability
and Control. NACA TN 775, 1940.

Garbell, Maurice A.: Theoretical Principles of Wing-Tip Fins for
Tailless Airplanes and their Practical Application. Jour. Aero.
Sci., vol. 13, mo. 10, Oct. 1946, pp. 525-536.

Shortal, Joseph A., and Draper, John W.: Free-Flight-Tunnel
Investigation of the Effect of the Fuselage Length and the Aspect
Ratio and Size of the Vertical Tail on Lateral Stability and
Control. NACA ARR 3D17, 1943.

Bishop, Robert C., and Lomax, Harvard: A Simplified Method for
Determining from Flight Data the Rate of Change of Yawing-Moment
Coefficient with Sideslip. NACA TN 1076, 1946.

MacLachlan, Robert, and Levitt, Joseph: Wind-Tunnel Investigation
of Effect of Canopies on Directional Stability Characteristics
of a Single-Engine Airplane Model. NACA TN 1052, 1946.

Harper, Charles W., and Wick, Bradford H.: A Comparison of the
Effects of Four-Blade Dual- and Single-Rotation Propellers on the
Stability and Control Characteristics of a High-Powered Single-
Engine Airplane. NACA ARR UF17, 194k,

Paulson, John W., and Bennett, Charles V.: Stability and Control
Characteristics of a Fighter Airplane in Inverted Flight Attitude
as Determined by Model Tests. NACA ARR L5F25a, 1945.

. Sweberg, Harold H., Guryansky, Eugene R., and Lange, Roy H.:
Langley Full-Scale Tunnel Investigation of the Factors Affecting
the Directional Stability and Trim Characteristics of a Fighter-
Type Airplane. NACA ARR L5HO9, 1945.

. Queijo, M. J., and Wolhart, Walter D.: Experimental Investigation
of the Effect of Vertical-Tail Size and Length and of Fuselage
Shape and Length on the Static Lateral Stability Characteristics
of a Model with h5° Sweptback Wing and Tail Surfaces. NACA
TN 2168, 1950.

Johnson, Harold I.: Flight Investigation of the Effect of Various
Vertical-Tail Modifications on the Directional Stability and
Control Characteristics of a Propeller-Driven Fighter Airplane.
NACA Rep. 973, 1950. (Formerly NACA RM L6JOT.)

Bird, John D.: Some Theoretical Low-Speed Span Loading Character-
istics of Swept Wings in Roll and Sideslip. NACA Rep. 969, 1950.
(Formerly NACA TN 1839.)




NACA TN 2409 ' 7

80.

8l.

82.

83.

8l

85.

86.

87.

88.

89.

90.

91.

Pitkin, Marvin, and Schade, Robert 0.: Tests of a Linked Differen-
tial Flap System Designed to Minimize the Reduction in Effective
Dihedral Caused by Power. NACA ARR L5F25, 1945.

Harmon, Sidney M.: Determination of the Damping Moment in Yawing
for Tapered Wings with Partial-Span Flaps. NACA ARR 3H25, 1943,

Cotter, William E., Jr.: Summary and Analysis of Data on Damping in
- Yaw and Pitch for a Number of Airplane Models. NACA TN 1080, 1946.
Campbell, John P., and Mathews, Ward O.: Experimental Determination
of the Yawing Moment Due to Yawing Contributed by the Wing,
Fuselage, and Vertical Tail of a Midwing Airplane Model. NACA
ARR 3F28, 1943,

Langley Stability Research Division (Compiled by Charles J. Donlan):
An Interim Report on the Stability and Control of Tailless Air-
planes. NACA Rep. 796, 194k. (Formerly NACA ACR LA4H19.)

Campbell, John P., and Goodman, Alex: A Semiempirical Method fer
Estimating the Rolling Moment Due to Yawing of Airplanes.
NACA TN 1984, 1949,

Goodman, Alex, and Fisher, Lewis R.: Investigation at Low Speeds
of the Effect of Aspect Ratio and Sweep on Rolling Stability
Derivatives of Untapered Wings. NACA Rep. 968, 1950. (Formerly
NACA TN 1835.)

Queijo, M. J., and Jaquet, Byron M.: Calculated Effects of Geometric
Dihedral on the Low-Speed Rolling Derivatives of Swept Wings.
NACA TN 1732, 1948,

Swanson, Robert S., and Priddy, E. LaVerne: Lifting-Surface-Theory
Values of the Damping in Roll and of the Parameter Used in
Estimating Aileron Stick Forces. NACA ARR L5F23, 1945,

Goodman, Alex, and Adair, Glenn H.: Estimation of the Damping in
Roll of Wings through the Normal Flight Range of Lift Coefficient.
NACA TN 192k, 1949,

Polhamus, Edward C.: A Simple Method of Estimating the Subsonic
Lift and Damping in Roll of Sweptback Wings. NACA TN 1862, 1949.

Murray, Harry E., and Wells, Evalyn G.: Wind-Tunnel Investigation
of the Effect of Wing-Tip Fuel Tanks on Characteristics of
Unswept Wings in Steady Roll. NACA TN 1317, 1947,




78 NACA TN 2409

92. Bennett, Charles V., and Johnson, Joseph L.: Experimental Determina-
tion of the Damping in Roll and Aileron Rolling Effectiveness of
Three Wings Having 2°, 42°, and 62° Sweepback. NACA TN 1278, 1947.

93. MacLachlan, Robert, and Letko, William: Correlation of Two Experi-
mental Methods of Determining the Rolling Characteristics of
Unswept Wings. NACA TN 1309, 19h47.

9L, Maggin, Berhard, and Bennett, Charles V.: Low-Speed Stability and
Damping-in-Roll Characteristics of Some Highly Swept Wings.
NACA TN 1286, 1947.

95. Harmon, Sidney M.: Stability Derivatives at Supersonic Speeds of
Thin Rectangular Wings with Diagonals ahead of Tip Mach Lines.
NACA Rep. 925, 1949. (Formerly NACA TN 1706.)

96. Ribner, Herbert S.: The Stability Derivatives of Low-Aspect-Ratio
Triangular Wings at Subsonic and Supersonic Speeds. NACA TN 1423,

1947.

97. Ribner, Herbert S., and Malvestuto, Frank S., Jr.: Stability
Derivatives of Triangular Wings at Supersonic Speeds. NACA
Rep. 908, 1948. (Formerly NACA TN 1572.)

98. Spreiter, John R.: Aerodynamic Properties of Cruciform-Wing and
Body Combinations at Subsonic, Transonic, and Supersonic Speeds.
NACA TN 1897, 1949. '

99. Malvestuto, Frank S., Jr., and Margolis, Kenneth: Theoretical
Stability Derivatives of Thin Sweptback Wings Tapered to a Point
with Sweptback or Sweptforward Trailing Edges for a Limited Range
of Supersonic Speeds. NACA Rep. 971, 1950. (Formerly NACA
™ 1761.)

100. Margolis, Kenneth: Effect of Thickness on the Lateral Force and
Yawing Moment of a Sideslipping Delta Wing at Supersonic Speeds.
NACA TN 1798, 1949.

101. Lampert, Seymour: Rolling and Yawing Moments for Swept-Back Wings
in Sideslip at Supersonic Speeds. NACA TN 2262, 1951.

102. Jones, Arthur L., and Alksne, Alberta: The Yawing Moment Due to
Sideslip of Triangular, Trapezoidal, and Related Plan Forms in
Supersonic Flow. NACA TN 1850, 1949.

103. Jones, Arthur L.: The Theoretical Lateral-Stability Derivatives
for Wings at Supersonic Speeds. Jour. Aero. Sci., vol. 17, no. 1,
Jan. 1950, pp. 39-46.




NACA TN 2409 79

104. Jones, Arthur L., Spreiter, John R., and Alksne, Alberta: The
Rolling Moment Due to Sideslip of Triangular, Trapezoidal, and
Related Plan Forms in Supersonic Flow. NACA TN 1700, 1948.

105. Harmon, Sidney M., and Martin, John C.: Theoretical Calculations
of the Lateral Force and Yawing Moment Due to Rolling at Super-
sonic Speeds for Sweptback Tapered Wings with Streamwise Tips.
Supersonic Leading Edges. NACA TN 2156, 1950.

106. Margolis, Kenneth: Theoretical Calculations of the Lateral Force
and Yawing Moment Due to Rolling at Supersonic Speeds for
Sweptback Tapered Wings with Streamwise Tips. Subsonic Leading
Edges. NACA TN 2122,1950. '

107. Piland, Robert O.: Summary of the Theoretical Lift, Damping-in-
Roll, and Center-of-Pressure Characteristics of Various Wing
Plan Forms at Supersonic Speeds. NACA TN 1977, 1949,

108. Tucker, Warren A., and Piland, Robert 0.: Estimation of the Damping
in Roll of Supersonic-Leading-Edge Wing-Body Combinations.
NACA TN 2151, 1950.

109. Harmon, Sidney M., and Jeffreys, Isabella: Theoretical Lift and
Damping in Roll of Thin Wings with Arbitrary Sweep and Taper at
Supersonic Speeds. Supersonic Leading and Trailing Edges.

NACA TN 211k, 1950.

110. Jones, Arthur L., and Alksne, Alberta: The Damping Due to Roll
of Triangular, Trapezoidal, and Related Plan Forms in Supersonic
Flow. NACA TN 1548, 1948.

111. Brown, Clinton E., and Adams, Mac C.: Damping in Pitch and Roll
of Triangular Wings at Supersonic Speeds. NACA Rep. 892, 1948,
(Formerly NACA TN 1566.)

112. Iomax, Harvard, and Heaslet, Max A.: Damping-in-Roll Calculations
for Slender Swept-Back Wings and Slender Wing-Body Combinations.
NACA TN 1950, 1949.

113. Walker, Harold J., and Ballantyne, Mary B.: Pressure Distribution
and Damping in Steady Roll at Supersonic Mach Numbers of Flat
Swept-Back Wings with Subsonic Edges. NACA TN 2047, 1950.

114, Malvestuto, Frank S., Jr., Margolis, Kenneth, and Ribner, Herbert S.:
Theoretical Lift and Damping in Roll at Supersonic Speeds of Thin
Sweptback Tapered Wings with Streamwise Tips, Subsonic Leading
Edges, and Supersonic Trailing Edges. NACA Rep. 970, 1950.
(Formerly NACA TN 1860.)



80

115.

116.

117.

118.

119.

120.

NACA TN 2409

Margolis, Kenneth: Theoretical Lift and Damping in Roll of Thin
Sweptback Tapered Wings with Raked-In and Cross-Stream Wing Tips
at Supersonic Speeds. Subsonic Leading Edges. NACA TN 2048,

1950.

Goett, Harry J., and Pass, H. R.: Effect of Propeller Operation
on the Pitching Moments of Single-Engine Monoplanes. NACA
ACR, May 19k1. ‘

Milliken, William F., Jr.: Progress in Dynamic Stability and
Control Research. dJour. Aero. Sci., vol. 1k, no. 9, Sept. 1947,
pp. 493-519.

Seamans, R. C., Jr., Blasingame, B. P., and Clementson, G. C.:
The Pulse Method for the Determination of Aircraft Dynamic
Performance. Jour. Aero. Sci., vol. 17, no. 1, Jan. 1950,
pp. 22-38.

Greenberg, Harry: A Survey of Methods for Determining
Stability Parameters of an Airplane from Dynamic Flight
Measurements. NACA TN 2340, 1951.

Shinbrot, Marvin: A Least Squares Curve Fitting Method with
Applications to the Calculation of Stability Coefficients from
Transient-Response Data. NACA TN 2341, 1951.




81

NACA TN 2409

*(g¢) wmiod uy €Uy jo sonTea sus Jo5 L2173
- _pas £2038T[Fo50 TEINGU 03 Paiinbar UIn 3o
1622~ s91z'l 851029~ SSEE0LZ [GILE108Y 91 LIS66t| SHEBI-  |1Zrwoict N soece- | 169@8vel ¥\ 2u99%- | gegiz- 12591 | 0165°8] €900~ {9202~ g2 | SonTRA Ul SaATB (46) PUR (£6) SWMI0D 3O UOTINTOS '@
810" v % : - .
M f 29e9y 9 2220 M 8020 W £961 “((26) v (16) wEmT00)
a2 (32 oBL¥ L2~ 80%8:  Lesseeee SIS | 996695 €182+ A _»2056- | bPOLGSHE W OvLi9- | egBie- ez6r | ziest -l er 0137 03 Tomba (06) UAMTOD UL sanTea U3 Su3iaL8
\ 1801- BT M oo A 12zo-| R oeger- £q pamio soTyesperd sqa €1 O SaNTEA 203 AATOS L
oL10- £002" EIIVIY erisyy  11a6101r W 2999t | 022¥62-  [268Lin0 M 9v30L- [SOYEOSN % 6Liv- | bESSI- et | ams2| 00 |ssso-| or 4 IUSUTWIISSTD §,UINCY O SaNUA
M sl LTI I esor M a0 #1280~ ay1 wyEigo 01 {06) O3 (Gn) SWMTod pwE (13) 0%
(e1) 0] PIIBOIDUT SUOT3RIAA0 UL WIOFIAd G
1£90~ 8580 €856 621212 zurigs % ozel* | oisoRI- 90s6'82+ ¥ 600UT- [ 800UBY ¥ wozsz- | sive- ssg2’ | 89601 | 9200 | 12vo-| g0
S zes- N gz N evar Il 6220 W zev0- 2%y aul
a3 zd spogast £q ({1%) 03 (6() ewmiod)
1800~ 20000° L2 21 a SYo0 0100+ % c0zz- o+ 3 L 1000~ | 0100 i ozie- o)) [} 0 £€00° | €800 o S3ATIBATISP A3TTIQEAS SY3 03 UOTINGTIIUCD
A scol- 9 gog1™- Fosgr 3l £220- . 9u0- T¥ea oqs suTmaatap LV OYEX)  jo sanrea sseus Woad G
nb TR e
0 = (0@ ‘Ipipor igalve)- Lo - 5 .
ez | v@ruz o uounos o-@e-ue | sercses) BBl s 2xee ABse)-ze] jpunea|snns (asded] esxia| (90 SenTEA UTIGO 03 (gE) PUW (LE) SUmIes 300 XIon Ty
~paafnbes ST ATepunoq oul HOTUA 103
8w syr Jaaod o3 YUy aTquiamA juspuadepuy
Y x Yy 273 3o SeNTBA (GE) WMTOD TY I37ua PUS 305T9§ L
2 2 2
iy % # f ¥ 3,8 20v ao8 a 1 vort) Fuliets (4w e.._wo uy “3x01 su3 uY PaUesold
spowzem £g {(Gf) 03 (@Z) SIUBIFUOD) SAATIVATISD
e g6} (e6) e} (os) (68) (88) 1.8) 198) s8) | @) (5 [F£] {9g} £9371q938 ;JO-TIWY Yl JO SINTBA SUWISISG T
Y] 3 {{11) 03 (T) saweisuod}
SUOT3TPUCY AUFTIF PU SOTISTI332BISUD
S5BG pUB STI39W083 UAOWY SU3 I0F SOTEA Yl 1THd T
Gnpavsad UOTABINGIOD
[T i€ | 124€-| 8800|9201 | 2845|199~ |12920€] 1200° | 1200° | #0501+ 1696 [£259'p-| 89S | S1902] 6800 2658’y | 8000~ | 9880-| 2220 | sz
A oo o 95207
£oS2'91% 0112~ | £922-| 2200 | £500- | 2.61-| 6981 |ce699| 1000° | 1000~ | Z2¥b9e SBIS | Z20Ib-| BIFO" | €691 | 2000~ | $9E0° | 2000-| 1822%| $000-| ve9o-| veoo-| i Tio- g
A isee- 5 szmo : (S€)
2860~ [ e
coLe01 20+1| BOGI-| €OIC | 2900° | 2680~ 66¥0™ |18+80H 1000~ |$000-| 666E D 2e6€’ [6260-| 6120™| 8Lv0'1| 2000~ | 9E10° | 1000~ | 2626% | £000-| 2190-| sp00" | o S S
L i sizo ! it
oSt i 9 (2e)
nes'gr £040°| #§20™| 1200 | 090C | $S20-| 6600- [#8LE'S-| 1000~ | £000-|  SIge2+ 6991 | 0Zvrs-| ecer-| 9025 | S000-| 910G o |v9sse| 2000~ g9s0-| 600 | SO e q
% secs- " ez $90I0A Jj0 poy S jue)
010~ | a0y
oloo' ° o 0 | 9000 [#000-[ © 0 |2000° | 1000-| g6l €I (0209|8691 2001 ° 0 | 1000 | s6098| o | ovso-| ewo | o o) 7 %6
# s69e- 9 sozo' - %
606~ | 9] (82)
ORMELHBLH LN {29x usx z)vea- {9H0g-| [?1-13 Z9lra|
S2HGpL- R (isne) | B | (99MED | (Baam) | L2omzs) | 2 XS (206 {(e9ps) | BSMED) Uamioavc- (19| Earis)| siven)| Bemos|Bshiss licainan [ cmys) Q02 | S Hel) | (asiien| (o UR/€Nx2 = N ¥NeiiLe)
[T i s | 1 Byaves603 lem-tas- 9 - (52 - 2/ - uoi(z/1)3xle)
Bnxige) = 4 Wil V1% [(52)
Vur , Puty 42 oz = y2)
o 1w Fuboed [0 A% | Qndk | AR | | | dusg | wk 5 ok -l |t | ol | Wdoy | fuk | wen | @ [Hew | agw | oduy | Pug TR TNA ()
{123 = my @2
(] (08) 62) | (82) | {22 (92) (SL) W) | e | k) 23] o) (69 89} 713 99) (g9} (»9) €9 {29) 19) 09) (85} oot —
Qi@ xuzedse) = Wil
0 ° 8 teix(an) = 2% %02
(s1v(zn = 2 Ttel
[CZIEENRCD
§9497| ORI | IR0V | BL96T | B80Y) ¥SI | IEOO-) €BOZ-| 61T~ | I£90°| 9¥Z | 092~ | 0%y | G.80°-| 93| 908 | €960'| £96070LOSO- 0OS | eusi-| 2OKY-| ST | 2 @503 2Nus (GRivion] -, Ro/ully= ™% (2n
GNxy = Ny (o)
1GI¥-| OO | 22r¥y | BLB62 | 6IGLE-| 20007 | 2000° | v92I-| 1961 | 9900°| 061 | eg2- | 0%z | 0500 | 6262+ eer-| e6co| Beco’|comoo-| oog | 0s0-| sewz-| o | e [EDXC I T T ETMEEN T IR T}
IR
09627~ | €920~| €1962 | 0CL92 | 5E99T-| 9900 | €100° | 9880-| igwr- | Le0-] our | esz- | oer | seeo zzi-| soeo'| $020|vwe00-| 00z | seeo-| s9-{ or | o (2hyurs JVULD (205203 BoN] = I |len
Bep “(g)-12) = ujtan
161"~ | 99G0-| BOBYT | 989¥2 | (ZEOE-| 1100° | 1200 | 99#0™| 2020- | 6520-| LSI° | 1€2- | 0RO | 1860° | 2680-| 190-|92:00°| 92200 |98000- ocOF | 6uo-| @i80-] $o° | SO
1220~ | €020-| O |s8sEZ| ¥oI9R{ £200-| §200° | ££00-| 1810~ | Zec0-| osr | oez- | ou0-| 0020' | w100+ o 0 0 0 0 o 0 [ 0
° Bep 3 (g)
0v- bep “z)
Bsnx2] o2 oot 27 B9}
( i sonT o - o
taivtisy for [ z2Mon 1 Urhe0e) OpiN0R) [SISSRESEES w200 TR e e i
3 : /1]t
00l spunod M (€}
e T T T T I O B B B I e N R I T i R e ™ L P R Pt PO s P Ll PN L T L )
ozst! 193} i)
69 [ 89 [ us) |99 | w2 ) | o) | 19 | 0 [ 6w | v | uw [on | sn [ o0 [ &0 | @0 | G0 | ow | 69 | 6B | ue | e
TOININ0  Dwioukpamy PVD  SION  peeuon WwwioAIeq RIoL VOUNGIINeD  FOL SINVISNOD
SIYVANNCE  ALITNGVIS AHOLYTEISO ONLVTINOIWO ¥O4 3Iave -1 31evl
.
L3 4 A




* +
s 1
(oA}
g %
~+
Q
= Tt ¢l
3 e | i
0T o011 10T Ceréorbr£€aa6cas ¢rmbantiafl) fonfar®
[AN8 1 € < Cccof d
M ott | %5t moﬂm%wwqmm ‘to1 3% kored 6% E6¢26°T6°98°59°LS | 06°68°88 L8 6L 99 9E 9 52 T 19
=
€01
ot | %% lseos| ©F €01 54 59 98°6L¢99°9€*92°52°T | Ay
901
‘50t 66 umqmom 66 d
%9 18°98°9€ ‘9252 25
Tot
fot‘se| (66
&mom kot FoT“s6 1690946595 5899992521 19
ot
0T¢ ‘66
T mmwmqom €0T coT 54 69096585 :wnmmqquﬁwnowaooqmmqﬁ hco
66
66 1L6°96 %6 9096595 se 15
TotT €116c) ¢t €cattinf
n0T | ‘cot| Mot 98¢LLSL LS9 N9 €9 2919109
1ot - €01 |66°g6|¢ OS5 95 ¢S5 4TS €5 €26 ‘TS ‘9N €090 ‘
‘e [raeda] ©F B R R B 91,
MOH '3 € € [ 4
Sor | o Lt e g o e g
00T | €01 29°19°09°65°85°LS
20T| TOT { “66 |66°g6 | ‘201 €0T95¢55 N5 €S 25 TS 06167 ° 8" LN . 0L769°99°09°99°9¢ du,
16596 20T €S8l gn S €7 2 T 0 “6€ ‘g€ L€ SETE‘0f ‘62ge Le 9 S T
001 :
666 S9°M91€9129119709765 185 L5
0t | 66 fl6°96 < om.mmqgmamm.Nm.ﬂmaom.gﬂgnz o 9EFGEeNE N
oM EN 2R ST 0N ‘6€ ‘QE L€ | ‘€ ‘2L TE‘OE ‘62 e Lef9e5e T D
(590 MN_ \/ g - FATP pesrTed SPOYAEM UOTYEWTST
POURSH UOTIBWLISS TBOTIOL08UY ade TTy) SATYBATIS(Q
otuosaadng oTUOSqNG : :

SEATIVATHEA ZITTIEVIC TYEEIVI ONIIVWIISE ¥0J4 NOIIVIMOANI TNdasn ONINIVINOD SHONGMEATY -"I1 TIEVL

82




NACA TN 2409 83

s
X —— ®

—_— e
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WIND DIRECTION -y
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AZIMUTH REFERENCE W

N -

Figure l.- 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.- System of axes and angular relationship in flight. Arrows
indicate positive direction of angles. n = a - €.
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Figure 3.- Illustration of superposition of motions to determine effect
of arbitrary disturbances.
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Figure 5.- Variation of lift-curve slope with aspect ratio, taper ratio,
and sweepback for the case of subsonic incompressible flow. ag = 0.11.
Values from reference 3k4.
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Figure 6.~ Effect of horizontal-tail location on the effective aspect
ratio of the vertical tail (Aetail) for the case of subsonic incom-

pressible flow. o = 0°, Taken from reference 35.
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Figure 8.~ Variation of CZB/CL with aspect ratlo, taper ratio, and

sweep for the case of subsonic incompressible flow. Based on method
of reference 25.
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Figure 9.~ Effect of dihedral angle on Cl for the case of subsonic

incompressible flow. Taken from reference 58 and 66.
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Figure 10.- Variation of [AC Cy, end CAC Cp with aspect
"p 1 “p 2 OJa,

ratio for the case of subsonic incompressible flow. X = 1,0. Taken
from reference 96.
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Figure ll.- Charts and formulas for estimating CZP for the case of

subsonic incompressible flow. Taken from reference 89,
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Figure 13.- Charts and formula for estimating Cy for the case of
T

subsonic incompressible flow. Taken from reference 85,
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———— Theory (references 26, 34,and 107)

————— Fairing based on
experimental data
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Figure 1k4.- Examples of suggested fairing of theoretical values of lift-
curve slope for use in estimating values for the vertical tail in the

transonic range.
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