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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS 

RESEARCH MThlORANIUM 

TIME-V:EX;TOR DEl'ERMINED LAT:ERAL DERIV ATIVE3 OF A 

SWEPT-WING F IGHTER-TYPE AIRPLANE WITH THREE 

DIFFERENT VERTICAL TAlIS AT MACH 

NUMB:rnB BEIWEEN 0.70 AND 1.48 

By Chester H. Wolowicz 

SUMMARY 

As part of the flight research program conducted on a swept- wing 
fighter - type airplane} rudder -pulse maneuvers were performed at altitudes 
from 30 , 000 to 43,000 feet over a Mach number range of 0 .71 to 1 .48 to 
determine the lateral stability characteristics relative to the stability 
axes, in general, and the lateral derivative characteristics, in partic
ular. The time- vector method of ana~sis was used . Four configurations 
were employed in the investigation. Three configurations involved three 
different vertical tails with varying aspect ratio or area, or both. The 
fourth configuration employed a large tail , which had been used in the 
third configuration, and an extension of the wing tips . 

The time-vector method of ana~sis is capable of producing good 
values of the lateral derivatives CY~} Cn~} CI~} and CZp pr oviding 

the damping ratio is less than approximate~ 0 .3 . Reliable values of 
lateral derivatives (Cnr - C~) are difficult to determine because of the 

sensitivity of this quantity to other factors . The expected effects of 
increasing vertical- tail size} resulting in increased magnitudes of Cn~} 

C l~' and C Lp' 'fere realized . The addition of wing- tip extensions had 

small effects, except for a fair~ large increase in the magnitude of the 
damping- in- roll derivative CZp . Theoretical~ calculated derivatives 

showed fair to good agreement with flight results in the subsonic range 
with the exception of high angle - of- attack values of (Cnr - Cn~) deriv-

atives . Wind- tunnel data for the static derivatives for a Mach number 
of 1 .41, when corrected for torsional flexibility and air- intake effects 
of the jet engine, shmfed good agreement with fli ght results . The experi 
mental rate of decrease in the magnitudes of Cn~} CZ~ } and CZp with 

Mach number at Mach numbers Greater than 1 .25 was larger than estimated. 
This increased rate of decrease in magnitudes appears to be the result 
of possible shock wave and flow i nterference at the wing tips . 
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2 CONFIDENTIAL NACA RM H56c20 

mTRODUCTION 

This paper presents an application of the time-vector method of 
ana~sis in the determination of static and dynamic lateral derivatives 
of a 450 swept -wing fighter-type airplane. Details of the application of 
the time-vector method of ana~sis employed are also included in this 
paper as are some considerations of the limitations of the method. All 
data were obtained as part of a comprehensive investigation, conducted 
at the NACA High- Speed Flight Station at Eiwards, Calif., of the lateral 
characteristics of this airplane . 

The quantity of data obtained f r om the flight test program provided 
the first opportunity to perform a fair~ detailed investigation of the 
stability characteristics of an airplane in the transonic and supersonic 
regions and to provide some comparison with avai lable wind- tunnel data 
(ref. 1). Previous reports have presented the directional stability as 
determined by simple relationships (ref. 2) and the results of-roll cou
pling investigations (refs . 3 to 6). 

The flight rudder- pulse data for the determination of the lateral 
stability characteristics were obtained for four configurations. Three 
configurations employed the original wing and three different vertical
tail areas ( origi nal, extended, and large) while the fourth configuration 
employed an extended wing and t he large tail. The data were obtained at 
altitudes between 30 ,000 and 43,000 feet over a Mach number range extending 
to 1 .48 . Most of the tests were performed at a nominal value of 1 g load 
factor, but for a few tests at nominal Mach numbers of 0.83 and 1.14 load 
factors within the range of 0 .5g to 1 . 8g were used to investigate the 
influence of angle of attack on the lateral stability characteristics. 

The results of the ana~sis of the data are compared with available 
wind- tunnel data and calculated derivati~es . 

SYMBOLS AND COEFFICIENTS 

The results of this investigation are referred to the stability 
system of axes, which is defined as an orthogonal system of axes inter
secting at the airplane center of gr avity in which the Z- axis lies in the 
plane of symmetry and is perpendicular to the X- axis . The X- axis is in 
the plane of symmetry and is the projection in the XY-plane of the rela
tive airstream onto the XZ-plane of symmetry. The Y-axis is perpendicular 
to the p lane of symmetry. 
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coeff icients are referred to the original wing area and wing 

normal acceleration} g units 

corrected transverse acceleration, g units 

indicated transverse acceleration uncorrected for instrument 
position} g units 

wing span} ft 

trim 1 g lift coefficient} 

rolling-moment coefficient} 

W/ClS 

Rolling moment 
ClSb 

damping- in-roll derivative} 
del 
~' 

per radian 

2V 

rate of change of rolling-moment 
dCl 

angular velocity factor} ---
~' 

2V 

coefficient with yawing 

per radian 

effective dihedral derivat ive} 
del 
-- per radian d(3 } 

rate of change of relling-moment coefficient 

change of angle - of- sideslip factor} 
dCl 
~b} 

CW 

with rate of 

per radian 

rate of change of rolling-moment coefficient with respect 
del to control - surface displacement, do' per deg 

yawing-moment coefficient} Yawing moment 
ClSb 

rate of change of yawing-moment coefficient with rolling 
den angular velocity factor } ~} per radian 

~ 
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rate of change of yawing-moment coefficient with yawing angular 
dCn 

velocity factor, rb' per radian 

~ 

directional stability derivative, 
dCn 
-- per radian 
df3 ' 

rate of change of yawing-moment 

of angle - of- sideslip factor, 

rate of change of yawing-moment 

control- surface displacement, 

coefficient with rate of change 
den -. -, per radian 
~ 

2V 

coefficient with respect to 
den 
do ' per deg 

lateral- force coefficient, Lateral force 
<lS 

rate of change of lateral- force coefficient with rolling 
den 

angular velocity factor, ~,per radian 

~ 
rate of change of 

velocity factor, 

lateral- force coefficient 
dey 
-- per radian 
()rQ' 

wi th yawing angular 

2V 

lateral- f orce derivative, 
dey 
- -, per radian 
dl3 

rate of change of lateral- force 

of angle - of- sideslip factor, 

rate of change of lateral- force 

control - surface displacement, 

chord, f t 

mean aerodynami c chord, ft 

coefficient with rate of change 

dey ad' Tb' per r ~an 

Tv 
coefficient with respect to 

dey 
do ' per deg 
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g 

IX 

IZ 

acceleration of gravity, ft/sec2 

pressure altitude, ft 

moment of inertia of airplane about stability X-axis, 
lXo cos2~ + IZO sin2~, slug-ft2 

product of inertia referred to stability X- and Z- axes, 

- 1/2 (IZo - 1Xo) sin 2~, slug- ft2 

moment of inertia of airplane about stability Z- axis, 

1ZO cos2~ + IXO Sin2~, slug-ft2 

5 

moments of inertia of airplane about principal longitudinal, 
lateral, and vertical axes, respectively, slug- ft2 

it incidence angle of horizontal tail, positive leading edge up, deg 

M Mach number 

m mass of airplane, Wig, slugs 

ma mass rate of air intake of jet engine, Wa/g , slugs/sec 

p period of damped natural frequency of airplane, sec 

pI rolling angular velocity factor, pb/2V, radians 

r,p,~ 

r,p 

dynamic pressure, ~V2, lb/sq ft 

rate of change with time of ~, ~,and ~,respective~, 

radians/sec 

rate of change with time of r and p, respective~, 
radians/sec2 

rl yawing angular velocity factor, rb/2V, radians 

s 

t 

wing area, sq ft 

time reqUired for absolute value of transient oscillation to 
damp to half amplitude, sec 

time, sec 
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airspeed, ft/sec 

transverse acceleration, ft/sec 2 

weight of airplane, lb 

weight rate of air intake of jet engine, lb/sec 

distance from center of gravity of airplane to air intake of 
jet engine (measured parallel to body X-axis), 25.1 ft 

distance from center of gravity to t ransverse accelerometer 
(measured parallel to body X-axis), positive when forward of 
center of gravity, 5 . 37 f t 

distance from center of gravity to sideslip vane (measured 
parallel to body X- axis ), positive when forward of center of 
gravity, 30 ft 

distance from center of gravity to transverse accelerometer 
(measured perpendicular to body X- axis ), positive when below 
center of gravity, - 3 . 6 ft 

distance f r om center of gravity to sideslip vane (measured 
perpendicular to body X- axis ) , positive when below center 
of ~ravity, 2 . 5 ft 

angle of att ack of airplane, angle between reference body 
X- axis and stability X- axis, deg 

S corrected angle of sideslip, deg or radians 

~l indicated angle of sideslip, measured f rom relative airstream 
to X- axis, positive when X- axis is left df airstream, deg 

~ ' r ate of change of sideslip factor, ~b/2V, radians 

contribution of intake air of jet engine to directional 
-maVxa . stability derivative, , per radlan 

qSb 

contribution of intake air of jet engine to l at eral- force 
-maY 

derivative, ----, per r adian 
qS 

tota l aileron def lection, positive when left aileron is down, 
deg 

C ONF IDENTIAL 



NACA RM H56c20 CONFIDENTIAL 7 

Or rudder deflection, positive when rudder deflected to left, deg 

E ang le between reference body X-axis and principal X-axis, 
positive when reference axis is above principal axis at the 
nose, deg 

~ ratio of actual damping to critical damping 

~ angle of inclination of principal X-axis of airplane relative 
to stability X-axis, positive when principal X-axis is above 
stability axis at the nose, a - E, deg 

p mass density of air, slugs/cu ft 

T time parameter, m/pVS, sec 

angle of sidewash, radians 

rate of change of angle of sidewash with angle of sideslip, 
oa/Of3 

rate of change of angle of sidewash with rolling angular 

velocity factor, ocr 
~ 

2V 

phase angle, deg 

¢d damping angle, deg 

~ angle of roll, positive when right wing moves down, radians 

* angle of yaw , positive when airplane turns to right, radians 

Wn undamped natural frequency, radians/sec 

damped natural frequency, mnVl - ~2, radians/sec 

( Cy ) ,(Cn ) , etc. 
f3v F f3V F 

contribution of flexible, vertical tail to the 
lateral-force, directional-stability deriv
atives, etc., respective~ 

contribution of the rigid, vertical tail to the 
lateral-force, directional-stability deriv
atives, etc.) respective~ 

CONFIDENTIAL 



8 CONF IDENTIAL NACA RM H56c20 

change in the contributi on of vertical tail to 
l ater al- force, directional- stability deriv
atives caused by flexibility of the vertica l 
tail, etc . , respective~ 

The symbol Ij I represents the absolute magnitude of a j quantity 
Qnd is pos itive . When emp l oyed i n an equation, the equation is consid
ered to be a vector equation . 

The phase angle of a vector j r elative to another vector k is 
indicated by the .subscript ¢j k . The second subscript k is used as 

the reference . For example, in the expression ¢~w = -1500 the roll 

displacement vector l ags the yaw displacement vector by 1500 . 

with 
tail. 
tail, 
wing . 

AIRPLANE 

The airplane i s a fi ghter- type with a single turbojet engine equipped 
an afterburner, a moderate~ low swept wing, and a low horizontal 

A three -view dr awing of the airplane with the original vertical 
tail A, is shown in figure 1. Figure 1 a lso indicates the extended 

A photograph of t he airplane is shown in figure 2 . 

The tests covered the following four configurations: 

Confi guration Ver t i ca l tail Wing 

A Small (A) Ori ginal 
B Extended (B) Original 
C Large (C) Original 
D Large (C) Extended 

Figure 3 presents a photograph of tails A and C. Drawings of the three 
vertical tails are shown in fi gure 4. The same rudder was used on a ll 
tails. 

The a i rplane is equipped with automatic leading- edge slats in five 
interconnected segments . At subsonic speeds the slats general~ started 
to open at 30 to 6° . At super sonic speeds the slats general~ remained 
closed at Mach numb er s above 1.25 for the angle - of- attack range of the 
tests . 

The physical characteristics of the various configurations are pre
sented in table I. The estimated variation with airplane weight of the 
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principal moments of inertia and inclination of the pr inci pal axes 
( f i g . 5 ) is based on the manufacturer's estimate (ref . 7) for design 
weight and empty weight conditions. 

INS'IRUMENTATION AND INS'IRUMENT ACCURACY 

Standard NACA instruments were used to record airspeed) altitude) 
rolling and yawing velocities and accelerations ) normal acceleration) 
transverse acceleration) angles of attack and sideslip) and rudder) 
aileron, and stabilizer positions . The airspeed) altitude, and angles 
of attack and sideslip were sensed on the nose boom. All records were 
synchronized at O. l - second intervals by a common timing circuit. 

9 

The turnmeters used to measure the angular velocities and acceler
ations were referenced to the body system of axes of the airplane and 
are considered accurate to within fl.O percent of scale range . Mounting 
direction errors were 0 . 50 or less. 

7he indicated normal and t ransverse accelerometer readings were 
corrected to the center of gravity . The accelerometers are considered 
accurate to within t l . O percent of scale range . 

Indicated sideslip angles and angles of attack) measured by vane
type pickups ) were corrected for roll and yaw rate) and pitch-rate 
effects) respectively. The pickups were mass damped and had dynamical~ 
flat frequency- response characteristics over the frequency range of the 
airplane . The pickups are statical~ accurate to to.lo . 

The ranges) dynamic characteristics) and scale of recorded data for 
the angle of attack) sideslip) velocity) and acceleration instruments are: 

0.,) 

(3) 
r) 
y) 
p ) 
p, 
an , 
at , 

Function 

deg . 
deg 
radians/sec 
radians/sec2 
radians/sec . 
radians/sec2 . 

g units 
g units 

a30)000 feet . 

b40,ooo feet . 

. 

. 

Scale of recorded Undamped natural Damping Range data (per inch 
deflection ) frequency) cps ratio 

- 20 to 40 10 · 55 8 0·70 
±32 10 · 75 8 0·70 

:to· 5 0 · 543 10 to 12 0.65 
±l 1.01 8 0.65 
±4 4 . 19 20 0 . 64 

±7 6 . 33 7 0 . 65 
- 1 to 7 4 · 92 a19 aO.43 

±l 2 . 30 b 13 b O. 38 

CONF IDENTIAL 



10 CONF IDENTIAL NACA RM H56c20 

Rudder, aileron, and stabilizer positions were measured by standard 
control-position transmitters linked directly to the control surfaces . 
The transmitter- recorder system had a flat dynamic response over the 
frequency range of the control movements encountered. The transmitters 
are cons idered to be accurate to withi n ±a.lo. 

The nose -boom installation for measuring the airspeed was calibrated 
by the NACA radar phototheodolite method. The Mach numbers presented are 
considered accurate to ±0 . 02 at speeds below about M = 0 . 90 and accurate 
to ±0.01 at speeds above M = 0 . 90 . 

I nstrument phase - lag corr ections were applied to all data employed 
in the analys i s . Also, pos i t i on corr ections were applied by time-vector 
methods of analysis to sidesli p and to transverse acceleration data. 
Details of the application of the time- vector method are considered in 
a later section of this paper . 

TESTS 

The test procedure for this investigation c~nsisted of recording 
the airplane response to abrupt rudder pulses performed with other con
trols fixed. Attempts were made to mai ntain constant Mach number and 
altitude and to prevent inadvertent movement of the control surfaces 
during the transient portion of the maneuver. Such attempts were not 
always successful and required car eful selection of usable portions of 
the flight record . Figures 6 (a ) and 6 (b ) present typical time histories . 
Small changes in altitude or Mach number did not appear to influence 
materially the results except in the region of the critical Mach number; 
however, moderate control movements in the transient portion of the 
maneuver i nfluenced the analytical results. The most troublesome data 
resulted from maneuvers performed at high angles of attack or at other 
than 1 g . 

Maneuvers were performed at 1 g iD. l g conditions for the four con
figurations at altitudes ranging from 38,000 to 41,000 feet over a Mach 
number range of 0 . 73 to 1 . 35 . To extend the Mach number range of the 
tests to 1 .48, maneuvers were performed following a pullout from a dive. 
These maneuvers were performed w[th configurations B, C, and D at 
35,000 ±3 , 000 feet over a load factor range of 1.2g to 1 . 7g. 

To investigate the effects of angle of attack on the lateral sta
bility characteristics maneuvers were performed with configurations C 
and D during turns and pushovers at Mach numbers of 0 . 73 to 1.18 at 
40,000 ±2,000 feet and for confi guration D at 30,000 t 2,000 feet . 

CONFIDENTIAL 
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Effects of angle of attack were also investigated over a Mach number 
range of 1.03 to 1 . 31 for configurations A and B at altitudes from 39,500 
to 41,500 feet with a load factor of 1 .7g to 2.lg for configuration A, 
and an altitude range of 37, 500 to 39 , 500 feet with a load factor of 2.1g 
to 2 .4g for configuration B. 

ACCURACY OF RESULTS 

I n considering the probable errors in the analys i s of the lateral 
characteristics of the airplane, attention must be given to instrument 
accuracy as well as to readabili ty of the records, possible influences 
of variation in alti tude and Mach number , influence of inadvertent move
ment of the controls, and accur acy of estimated derivatives . 

The readability of the r e cords was a strong potential source of 
error . Since the ranges of the instruments and scale factors employed 
were governed by the roll- coupling investigations being conducted at the 
time, the deflections on the roll records were small in general and very 
small at Mach numbers in excess of about 1 .3. 

With all factors considered] the probable errors in the flight data 
employed in the determination of derivatives are estimated to be : 

P: 
At M = 0 . 75 
At M = 1.35 

Tl / 2 

<l>d 

I cp I . 
~r 

Subsonic region ~ = 3 . 0 . 
1* 1 

Supersonic region : ~: = 1 .6 

<l>cp* • • • • • • • 

Probable error] percent 

0·5 
2 

5 to 10 

3 to 6 

3 

6 

TIle p r obab l e errors in the l ateral stability derivatives obtained 
f r om f light data are dependent on the degree of error in the estimated 
va l ues of C~ and Cl

r
, in the moments of inertia, and in the direction 

CONFI DENTIAL 
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of the principal axis } as well as the errors presented in the previous 
par agraph . The probable errors in the derivatives} exclusive of the 
influence of errors in the estimation of Cnp and CIr , which will be 

discussed later} are believed to be : 

C~ 
Cy 

13 

CI
13

: 

Derivatives 

From M = 0 . 70 to 1 . 30 
At M = 1.47 . . . . . 

CIp : 

From M = 0 . 70 to 1 . 30 
At M 1.47 

(Cnr - Cn~) .... . . 

PROCEDURES OF ANALYSIS 

Probable error, percent 

3 to 5 

10 

10 
50 

10 
20 

15 to 20 

The original wing area and wing span were employed for all config
urations in analyzing the flight data for the lateral stability deriv
atives. To convert the derivatives of the extended wing configuration 
(configuration D) to the actual wing area and wing- span bases} the 
CY13 derivative should be multiplied by 0 ·975} Cn13 and CI13 by 0.925} 

and Cz and Cn by 0.876 . 
p r 

Inasmuch as the maximum sideslip and roll angles of the tests were 
of the order of 20 and 10°} respectively} and since no significant non
linear or cross - coupling influences were noted} the following linearized) 
small disturbance forms of the lateral equations of motion of the air
plane appeared applicab le to the analysis of the data: 

Wat = m(v + rV - gep ) ( 1) 

(4 ) 

CONFIDENTIAL 
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Three methods were original~ considered for the determination of 
the lateral stability derivatives. The f r equency-response method of 
reference 8 was high~ desirable because of the number of derivatives 
which can be determined from it; however, because of the time factor 
and some doubt as to the validity of the results which would be obtained 
using the available flight data, it was decided not to employ this method. 
The method of reference 9 is a time-vector approach to the solution of 
the derivatives; however, it is a tabular procedure employing successive 
approximations and therefore is not as desirable as the relative~ rapid 
graphical time-vector method of ana~sis explained in references 10 to .12. 

The graphical time -vector method of references 10 to 12 was employed 
for the determination of Cy~, C~, (Cnr - C~) , Cl~' and Clp . The 

required precision of phase- angle data precluded the possibility of 
reliable values of (Cyr - Cy~) or CYp ; therefore it was decided, on a 

selective basis, to employ estimated values of CyP and to ignore 

(CYr - CY~) in the solution. The values of Clr and Cnp which were 

required for the time -vector solution of the other derivatives were 
obtained from theoretical estimates. 

Application of the Time -Vector Method of Ana~sis 

No attempt is made in this paper to present the detailed mathematical 
aspects of the fundamental time-vector properties inasmuch as reference 10 
accomplishes this quite thorough~. Suffice it to say that the time 
invariance of the phase relationships and amplitudes relative to each 
other permits the representation of any one of the linearized equations 
of motion by vectors. In the four lateral-directional equations three 
degrees of freedom are involved in each equation; name~, sideslip, roll, 
and yaw, each with the same frequency and damping characteristics. The 
amplitudes of the various degrees of freedom in each of the lateral
directional equations have the same shrinkage rate and the phase angles 
remain constant; thus for vector representation, the various amplitudes 
and phase relations are time invariant . 

The vector properties described in the preceding paragraph, plus the 
requirement that the vector po~gon representing any one equation must 
close, makes possible the determination of two unknowns in any one equa
tion. Inasmuch as it is desired to determine the stability derivatives 
from fli ght data, it will be convenient to introduce new notations for the 
stability equations and to establish the equations in the form of ampli
tude ratios. All equations in this paper having absolute value notations 
will be considered to represent vector equations. Hence 

CONFIDENTIAL 
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2T II ~II + 2T 11 ~ 1 C ~ - C la
t

\ = 0 ~ ~ Lo 1131 Lo 113! 

o (6) 

) 
Ir ' I 

(Cur - C~ li3f - Cn13 o 

( 8) 

The der i vatives with respect to r and ~ have been combined in 
e~uations (6), (7), and (8) . This was done because. Ir l is similar to 
I~I and is approximately 1800 out of phase with 113\ . 

The amplitude ratio representation is convenient , inasmuch as it 
simpli f i es flight -data reduction and enables a more direct determination 
of some of the der i vatives . 

The peri od of osci llati on P i s determi ned d i rectly from the tran
sient porti on of the fli ght recor d . To determine the indicated phase 
angles , the measured t i me d i fferences of the different peaks of the 
various degrees of freedom were averaged and the simple expression 

was utilized . 

To determine indicated ampli tude ratios relative to the body axes, 
the enve l opes of the transient osci llation records are plotted on a semi
logarithmic plot , such as figure 7, as a function of time . The linearity 
of the curves indi cates that the linearized differential e~uation i s 
app licable . The i ndicated amplitude ratios are then calculated as shown 
in figure 7 . 

The values of Tl / 2 are determi ned as i ndicated in figure 7. The 

damping angle ¢d is related to the damping ratio ~ by one of the 
r e l ations 

CONF IDENTIAL 
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~d = tan- l ~ 
Vl - 1:

2 

sin-ls 

= cos-1Vl _ 1:2 (10) 

The determination of ¢d or S requires the use of the logarithmic 
decrement which m~ be expressed in various ways such as 

and 

Equating (11) and (12) and transposing 

Since Wna = rnnVl - 1:2, then from (10) 

0.1102 P 
Tl / 2 

Correction of Indicated Amplitude Ratios and Phase Angles 

(11) 

(14) 

Amplitude ratios are subject to corrections for dynamic magnifica
tion, instrument location, and reorientation when the data are to be 
considered relative to axes other than the body axes about which the 
instruments are oriented. Phase angles are subject to corrections for 
phase lag in the electronic system, phase error caused by instrument 
location aw~ from the center of gravity of the airplane, and reorien
tation when the data are to be considered relative to axes other than 
the body axes. The phase lag of the instruments was based on the 
relation 
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16 CONFIDENTIAL NACA RM H56c20 

Phase lag = - tan- l 2sm/illni 

1 - (a::S 
= deg 

where 

~ frequency of the airplane ) radians/sec 

Wni undamped natural f r e quency of instrument) radians/sec 

The indicated phase angles were corrected for the difference in the phase 
lag of the instruments involved. 

The transverse accelerometer and ~-vane records were subject to phase 
error caused by instrument location. These phase errors were determined 
in a vector approach to the correcti on of indicated amplitude ratios to 
true amplitude ratios . 

The amplitude ratios will) in the case of carefully selected instru
ments ) be subject to negligible dynamic amplification error. In the case 
of properly oriented gyroscopic instruments) the position error will be 
negligible and location error is not a factor to be considered . In the 
case of the transverse accelerometer and the ~ -vane instruments) location 
error may be important as on the present airplane . 

To correct the ~ record for vane location, the fo llowing expression 
was emp loyed 

x@rb z@~ 
~ = ~l - + V V 

( 16 ) 

In terms of vector notations 

The graphical time - vector solution of (17) is shown in figure 8 ( a ). 
The solution is obtained by f irst drawing in the direction of the vectors 
relative to ~ usin~ the indicated phase angles corrected for instrument 
phase lag. The numerical values of the terms in ( 17) are then drawn in 

as vector quanti t i es . The magnitude of the ~ vector and its direction 
I~ll 

represent the magnification factor by which all the amplitude ratios taken 

CONFIDENTIAL 
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with respect to ~ should be divided to correct for ~ position error) 
and the phase angle error of all of the phase angles taken with respect 
to 13. 

To correct the indicated transverse acceleration for position error 
the following expression was used 

In terms of vector notations 

where 

and 

t::tl 
I~I 

11\/ = 
~ 

(18) 

The time -vector solution of (19 ) is shown in figure 8(b). The solution 
is approached by first drawing in the directions of the ~ and rb vec-

tors . The directions of the acceleration vectors Po and rb are then 

located (900 + ~d) ahead of the velocity vectors . The r emainder of the 
solution is as shown in figure 8 ( a ). It can be seen that the position 
correction is significant in the illustration representing actual test 
data of an average condition . 

Determination of the Lateral Stability Deri vatives 

The stability derivatives being determined and the equations of 
motion employed in the present ana~sis are referenced to the stability 
axes . I nasmuch as the flight data are referenced to the body axes ) it 
is necessary t o t ransfer the flight data from the body axes to the sta
bility axes . Had the s t ability derivatives sought been referenced to the 
body axes) then the stabili t y equations referenced to the body axes would 
have been employed . In the appendix are presented the equations for the 

transfer of the amplitude ratio lEl and the phase angle ~pr from the 
I r I 

b ody axes to t he stabilit y axes . The appendix also outlines the vectorial 
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procedure employed in obtaining refined magnitudes of Iwl 1tl WI and I~ I 
well as phase angles with the aid of the transverse acceleration equa
tion (5). Figure 8 (c) illustrates the final vector solution for these 
magnitudes . 

as 

After correcting the data for various sources of error and trans 
ferring the data to the stability axes, as shown in the appendix, it is 
a simple matter to proceed with the determination of the derivatives. 
Since the positions of the displacement, velocity, and acceleration vec
t ors are known, the three lateral- stability equations ((6) to (8)) may 
be applied to the solution of the lateral derivatives. 

Figure 8 (d ) shows the vectorial solution for Cy~ and (CYr - Cy~) . 

Although a solution for (CYr - Cy~) is shown in the figure, this deriv

ative was not included in the results of the analysis because of the lack 
of the required precision of the value of ~at~ which would be needed 

to obtain a fairly reliable first approximation of this derivative. 

Figure 8 (e) shows the vector diagram for the determination of Cn~ 

and (Cnr - Cn~). No attempt was made to determine Cnp in place of one 

of the other t wo derivatives , since some preliminary work appeared to 
indicate there would be no advantage in doing this. The section entitled 
"Discussion" in this paper considers sensitivity of some of the derivatives 
t o experimental errors as well as limitations in the application of the 
t ime -vector method of analYsis . Figure 8(f) shows the vector solution 
f or C2~ and C2p . In this solution C2~ was neglected since 

C2r ~ (C2r - C2~) · 

Estimated Derivatives 

For the static derivatives Cy~, Cn~, and C2~ available tail-off 

estimates based on wind- tunnel data were obtained from manufacturer's 
est imates. Wing contributions to the dynamic stability derivatives were 
estimated from the methods of references 13 to 18. The vertical-tail 
contributions to the static and dynamic stability derivatives were calcu
lated, using the met hod of reference 19 and calculated lift-curve slopes 
(refs . 14, 17, and 20). 

Milllufacturer's estimates were utilized (fig. 9 ) for the effect of 
torsional flexibility on vertical-tail contributions to Cy , Cn , Cn , 

~ ~ r 
and Cy for tail C. The flexibility corrections were also applied to 

r 
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the calculation of CI~' Figure 10 shows the estimated change in the 

derivatives caused by vertical-tail torsional flexibility in configura
tions C and D. 

Two sidewash influences were considered to be acting on the vertical 
tail . The sidewash factor caused by roll crp was, on the basis of ref-

erence 19, estimated to be 0 .25 . The sidewash factor caused by side
slip cr~ has been shown i n references 21 and 22 to be a function of wing 

position and influences the values of Cy~, Cn~ ' Cl~' and (Cnr - Cn~) ' 
From reference 22, cr~ was estimated to vary somewhat linear~ for the 

angle - of- attack range of fli ght tests and was considered to vary from 
appr oximately 0.07 at a = 00 to 0 .11 at a = 60 • 

The side force at the engine duct inlet resulting from the momentum 
change caused by bending of the intake air to flow along the duct axis 
was also taken into account in calculating Cy~ and C~ of configura-

ations C and D. No air-intake effects are considered when calculated 
derivatives on a rigid tail basis are presented . The air-intake effects 
were approximated by the equations 

(20) 

(21 ) 

Figure 11 shows the estimated weight rate of air required by the jet 
engine to maintain cruising speed . Figure 12 shows the estimated contri 
bution of the intake air of the jet engine to Cy~ and Cn~ ' 

PRESENTATION OF RESULTS 

Following is a summary of the figures presenting the results of 
this investigation: 

Limitations of the Time -Vector Method 

Figure 

Influence of CUp and CZr . . · 13 
Influence of ±l -percent change in Cn~ . . · 14 
Influence of ±5-percent change in ¢pr . . . . . . · . . · 15 
Influence of ±0.5° change in <I>d . . . . · . . · 16 
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Stati c and Dynamic Char acteristi cs 

Figur e 

~ 
Peri od Amplitude Static and results Trim) 

and ratios and dynamic lateral a. 
Configuration dampi ng phase angles der ivatives 

A 17 lS 19 20 
B 17 21 22 23 
C 17 24 25 26 
D 17 27 2S 29 

Comparison of A) B) 
C) and D -- 30 31 32 

Comparison of C and D 
with theory and 
wind tunnel -- -- -- 33 

Angle- of- attack effects 
at M == 0 . S3 and 
M == 1. 12 -- 34 34 35 

The data for configuration A) shown in figures lS to 20, are meager 
in the subsoni c region and most are subject to inadvertent contr ol move 
ments which) although not affecti ng the periods ( fi g . lS( a )) appreciably) 
do affect the damping ( f i g . lS(b ) ) and the phase angles ( fig. 19 (b )) so 
that no attempt was made to analyze these data for the 40)000- foot con
diti on . The three test poi nts at M == 0 . 71 cons t itute the only reliable 
dampi ng characteri stic poi nts in the subsonic region and) as a result ) 
the amp litude r ati o curves of f i gure 19 i ndicate approximate values only. 
Despite the lack of suffi ci ent subsoni c data) the experimental stability 
derivative char acteri stics shown i n figure 20 are consider ed to be reli
able within the accuracy i ndicated pr eviously . 

Although per iod and dampi ng curves are shown in figure lS for a 
load factor of 1 . S at 40 )000 feet) the amplitude ratios and phase angles 
for this condi tion were not sufficiently well defined to obtai n derivatives. 

The results of the analysis for configurations B) C) and D ( f i gs . 21 
to 29 ) are based on the availabi lity of a larger amount of pulse data for 
each configuration . The data fo r configuration C were sufficient to 
define characteristic curves for trim level flight at 31) 000 feet from 
M == 0 . 77 to M == 1 . 0 as well as for trim level fli ght at 40 )000 feet 
( f i gs . 24 to 26 ) . 
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DISCUSSION 

Limitations in the Application of the Time -Vector Method of Ana~sis 

Although the time-vector method of ana~sis reQuires the simplest 
of eQuipment in its application and is capable of providing good results, 
it does have definite limitations . In considering the limitations) it 
is presumed that flight records have clear, sharp~ defined traces, and 
that the ordinates have ample magnification in relation to the period 
scale to produce well-defined peaks in the oscillations. 

One of the limitations in the application of the method is the 
inability to work with records of heavi~ damped airplanes without 
resorting to other methods of ana~sis, such as freQuency - response anal
ysis) to obtain amplitude ratios) phase angles) and angular freQuency 
of the motion; and the use of template aids or analogs to determine the 
damping ratio . When the damping ratio ~ exceeds 0.2, the accuracy of 
defining Tl / 2 begins to decrease . When ~ exceeds approximately 0.30) 

it is somewhat difficult to determine the period accurately and the Tl / 2 
values become increasingly doubtful . Also when ~ exceeds 0.4) relia
bility of P and Tl / 2 becomes poor . 

For controls - fixed conditions) the method depends on the ana~sis 
of the transient portion of an oscillatory motion. Any inadvertent 
application of a forcing function during this transient oscillatory 
motion, even though it may be small, will tend to influence the results. 
In instances where the forcing function is deliberate and is of a pure 
sinusoidal nature) the time-vector method is applicable providing the 
CYe , CUO ' and C2e derivatives are available . 

A third limitation of the time-vector method lies in the fact that 
on~ two of the three derivatives in each of the lateral eQuations m~ 
be determined by means of the vector diagram. 

In the case of transverse eQuation (6)) the secondary terms 

and ( Cy - Cy.)~ are general~ neglected and the result is 
r (31(31 

This simplified expression for CY(3 provides answers which are high; 

however, the error probably does not exceed 4 percent . The principal 
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difficulti es in obtaini ng refined values of Cy~ have been in the read

abili ty of the r ecords and the phase lag error of the vane itself. I t 
should be recogni zed that the unknown phase lag of the vane would enter 
into the prob l em and affect the answer s for CY~J regardless of the 

method of ana lys is employed. 

I n the case of the r olling- moment equat ion (eq. (8)) it was deemed 
advisable to estimate the values of Clr and to obtain Cl~ and Clp 

from the vector diagram. The Cl r I I~ 'II vector is relatively small, 

especi a l ly at high Mach numbers) and a normal error of t5° in ~pr would 
result in no accuracy in attempting to determine Cl r ' 

A limited investigation was made of t he sensitivity 
mined derivati ves to variations of the assumed values of 

to ±5° errors in ~pr' to t o . 5° error in damping angle, 

cent change in Cn~ . This investigation was considered 

t ion C at M = 0.80 and M = 1.20 at 40,000 feet. 

of the deter
Cnp and Cl r , 

and to a ±l per-

for confi gura-

As shown in figure 13, Cnp has a relatively small effect on Cn~ 

and a fairly large effect on (Cnr - Cn~). The effect on (Cnr - Cn~) was 

of the order of 0 . 029 and 0 . 017 units per 0.01 unit change in Cnp at 

M = 0. 80 and M = 1 . 20 , respectively . The results of f i gure 13 show 
t hat C l ~ i s affected less .than 0.0004 units per 0.01 unit change in 

Clr and that Clp i s affected 0 . 0037 and 0.0052 units at M = 0.80 

and 1 . 20, respecti vely, per 0.01 unit change in Clr . 

Normally , i n dealing with the yawing-moment equati on (eq. (7)), 
attempts are made t o determi ne the (Cnr - C~) derivatives from vector 

di agrams. Thus, either Cn or Cn must be obtained by other means 
p ~ 

to permit compl eti on of the soluti on . In the present paper a theoret
ical estimate of Cnp was made and us ed t o obtain both (Cnr - Cn~) and 

Cn~ . Inasmuch as ther e is usual ly some question of the accuracy of Cnp 
estimations, some vector solutions of Cnp and (Cnr - Cn~) were obtained 

us i ng C~ as determi ned from 
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In considering the possibility of employing calculated values of C~ 
to determine Cllp and (Cnr - Cn~)' values of Cn13 were obtained from 

eQuation (23) using faired flight data and vector solutions of C
z13

' 

The influence of a il-percent change in C~ on the lateral stability 

derivatives Cnp and (Cnr - Cn~) is shown in figure 14. On the basis 
of the vector diagrams shown in figure 14, the influence would be appre
ciable. In view of the influence of small errors in Cn13 plus the 

effects of the possible magnitudes of errors in ~pr and ~d it was 
decided that, insofar as the present analysis is concerned, it would be 
better to employ theoretically estimated values of Cnp' 

Although the errors in the phase angle ~pr are believed to be 
generally within t5° in the present paper) the error may approach t5°, 
Figure 15 shows that a ±5° error had negligible influence on Cn13 ) had 

a moderate effect on CZ ' and pronounced effects on 
13 

CZp and (C~ - Cn~) . 
A study of the vector diagrams in figure 15 will show that a decrease in 

the magnitude of I~I will reduce the influence of phase angle error 

in Cn13 and (Cnr - C~), but will also increase the influence on CZ13 
and CZp When the phase lag of the p vector ~P13 decreases toward 

90 0
, the influence of the ±5° error on both CZ

13 
and CZp increases. 

A iO.5° error in the damping angle ~d showed small to moderate 
influence on (Cnr - Cn~)' as shown in figure 16. In instances where 

(Cnr - C~) would be of the order of -0.10, the error would be pronounced. 

Comparison of the Four Configurations 

A summary of the results of the analysis of the flight data of the 
four configurations to show the influences of the various modifications 
on the stability characteristics is presented in figures 30 to 52. 

The period characteristics ( fig . 30(a)) show an appreciable decrease 
in the period when the original tail of configuration A was extended to 
form configuration B. Replacement of the extended tail by the large tail 
to form configuration C showed a moderate decrease in the period over the 
Mach number range. The extension of the wing in configuration C to form 
configuration D had a small uncertain effect on the period . The effects 
of the various modifications on the period characteristics are reflected 
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in the characteristics of the directional stability derivative C~ as 

seen in fi gure 32 . 

Although the damping characteristics ( fig . 30(b)) show that 

was decreased in the subsonic range and increased in most of the super
sonic range with each increase in tail size) the damping ratio S showed 
a decrease with each increase in tail size throughout the entire Mach 
number range investigated. The addition of wing- tip extensions) to form 
confi~uration D) appears to have negligible effect on both Tl / 2 and ~ 

f r om M = 0 . 71 to about M = 0.9. Between M = 0.9 and M = 1.37) the 
addition of the wing tips appears to increase the damping. 

The influence of the increase in vertical- tail sizes and the addi 
tion of the wing- tip extensions on the damping parameters Tl / 2 and S 
is perhaps most effectively expressed in terms of derivatives as shown 
by approximate relationships based on the ana lytical express ions of 
reference 23 . Although not exact ) the following relationships) applic able 
to low angle - of- attack conditions) appear gener ally adequate for quali 
tati v e purposes : 

S~2 - .9E:: - (Cn - Cn .) 
V 2I Z r r3 

(24 ) 1.386 

A study of equati ons (24 ) and (25 ) indicates that at any one value 
of dynamic pressure ) Tl / 2 is dominated by (Cnr - Cn~) and the damping 

ratio S is dominated by both (Cnr - Cn~) and Cn~. The (Cnr - Cn~) 
derivative characteristi cs ( fi g . 32 (b )) show qualitative t r ends with 
configuration which are) in general) compatible with the Tl / 2 trends 

shown in fi gure 30 . 

The pertinent amplitude ratios are shown in fi gure 31 . The character

istics curves of ~ for the various conf igurations are somewhat erratic 
I r31 

r elative to each other because of the poor readability of the transverse 
acceleration fl i ght r ecords and the r3 -vane errors discussed previously . 
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In the subsonic range the large values of I:: of configuration A 

were marked~ reduced by the various tail and wing modifications. In 

the supersonic region configuration A showed the lowest LTl magnitudes 
I f3 I 

and an increase in vertical- tail area increased the ratio; however, the 

addition of extended tips decreased I~I slight~. m 
The phase angle ¢~f3 did not appear to be influenced in the sub 

sonic range by the range of vertical- tail sizes covered, but the addi
tion of the wing extensions had a more significant influence on the phase 
ang le ( f i g . 31). In the supersonic region configuration A showed less 
lag in phase angle than did configurations B and C, which had practically 
identical phase - angle characteristi cs . Extension of the wing tips tended 
to decrease the l ag . 

In the Mach number range beyond M = 1.2 or 1.25 the amplitude 
r atio and phase-angle characteristics appear, in general, to be changing 
at an increasing rate. These changes in characteristic trend are reflected 
in the derivative characteristics shown in figure 32. 

Figure 32 shows that an increase in both vertical-tail size and 
aspect ratio had desirable influences in the trim level- flight static 
derivative characteristics . Confi guration C had practical~ double the 
directional stability of configuration A at M = 0 . 7, and approximately 
a 70 -percent increase throughout the supersonic range . The influence 
of the different vert i cal tails on the directional stability has been 
reported p reviously in reference 2 relative to the body axis . When the 
Cn curve of this paper for configuration C and 40,000 - foot altitude 

f3 
was transferred to body axes and compared with reference 2, excellent 
agreement was evident over the entire Mach number range . 

The effective dihedral C lf3 was a lso subject to substantial increases 

with each increase in vertical- tail size . Wing- tip extensions had negli 
gible effect . The rather sharp r eduction in the negative value of C1 J3 
in the vicinity of the crit ical Mach number of about 0 . 96 is caused by 
the tail- off characteristics of the airplane . The deterioration of 
effective dihedra l with increas ing Mach number from M "" 1.23, when con
s idered in conjunction with the break in the Clp curves for configura-

tions C and D, tends to indicate the possibility of shock wave and flow 
interference near the t ips of the wings which influences the lift distri 
bution across the span of the wing . Such an inf luence would reduce the 
eff ective dihedral C l which tends to become negative in the region of 

f3 
M = 1.38 to M = 1.47, depending on the configuration. 
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The major influence of wing- tip extensions (configuration D) appeared 
t o be on the C2p derivat,ive . In the supersonic range between M = 1.05 

and 1 . 30) there appears ·to be a fair~ large increase in the negative 
value of the damping- in- roll derivative C2p . This indicated increase 

is based on the original wing area and span. When based on the actual 
wing area and span) the damping in roll for configuration D is larger 
t han f or configuration C up to M ~ 1 . 31. 

In view of the di f ficulty in obtaining (Cnr - C~) derivatives and 

in an ef fort t o check rough~ the magnitudes of the (Cnr - Cn~) deriv

atives as obtained by the time -vector method) equation (24) was trans 
posed t o the following f orm to solve for (Cnr - C~): 

(C C) ~ _ 2IZ ~1. 386v + 1 C ~ nr - nQ Y ~ b2 qST1/ 2 m 13 
(26 ) 

Utilizing the Tl / 2 and CY13 values for configuration D ( fi gs. 30 

and 32)) (Cnr - Cn~) was computed by using equation (26) and compared 

a s shown in the following tabulation) with the values of (Cnr - C~) as 

determined by the time -vector method. 

Mach number 0 · 90 1.05 1.15 1.25 

(Cnr - Cn~) (eq. (26) ) - 0 . 34 -0.257 - 0.239 - 0.262 

(Cnr - C~) by vectors - 0 . 29 - 0 .200 - 0.205 -0.210 

Inasmuch as equation ( 26) is approximate and tends to provide 
(Cnr - Cn~) values which are high ( especial~ at higher angles of attack)) 

i t appears that the vector solutions f or (Cnr - Cn~) are within reasonable 

limits and a r ough ins i ght as to the influence of the various configura
tions may b e j usti f ied . 

The negative magni t ude of (cUr - Cn~) appears to increase with 

i ncrease i n ver t i cal -tai l size in the subsonic range . Supersonical~ 

ther e appears t o be a decrease in negative magnitude with increase in 
vertica l - t ail size . The addition of wing- tip extensions decreased the 
negat ive magnitude of (Cnr - Cn~) to some ext ent; supersonical~ the 

influence appears to be negligible . 
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Comparison With Calculated Char acteristics and 

Wind- Tunne l Data 

Two sets of calculated characteristics curves are shown in figure 33 . 
The results show that air- intake effects and torsional flexibility of 
the tail have a pronounced influence on the calculated stability 
characteristics . 

Beyond M = 1 . 25 all the flight -determined derivatives except 
(Cnr - Cn~) experience a deteriorating break in magnitude characteristics . 

The calculated Cy 
i3 

and characteristics indicate this break clear~ ; 

calculated 

starting at 

Cz~ characteristics show only slight but similar trends 

M = 1. 15, calculated Cz characteristics indicate that 
p 

damping in roll begins to deteriorate in the vicinity of M = 1 .35. 

Inasmuch as is practically dependent on wing alone, the break 

in the Cz curve not accounted for by calculated values of this deriv-
p 

ative appears to indicate , as mentioned in the previous section, the 
poss ibility of some shock wave and flow interference near the tip of the 
wings of both configurations which influences the lift distribution 
across the span of the wing . Such an influence would reduce the effec 
tive dihedral CI~ which tends to become negative at a Mach number of 

approximately 1 .47 . 

A comparison of the calculated derivatives with flight result s 
showed fair to good agreement in the subsonic region for all derivatives 
except (Cnr - Cn~) . The calculated values of (Cnr - Cn~)' similar to 

the low- speed wind- tunnel values, were much lower than flight results . 

Unpublished wind- tunnel static - stability data for M = 1 .41 were 
corrected for vert ical- tail flexibility and air - intake effects of the 
jet engine and are plotted in figure 33 . These modified wind- tunnel data 
show good agreement with the flight - determined trend of Cn~ and Cz~ . 

It is difficult to compare the low- speed wind- tunnel data with the 
subsonic flight results ( fig . 33) because of the large Mach number differ
ence . As will be pointed out in the following section, the variation 
of CYQ' Cn , and Cz with angle of attack shown by wind- tunnel data 

I-' f3 P 
is the opposite of trends shown by flight results; however, it appears 
that the maGnitudes of CI~ and CZp from flight and wind- tunnel data 

tend to agree . 
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Variation of Stability Characteristics With Angle of Attack 

Although available flight data permitted the presentation of con
stant load factor curves for several of the lateral characteristics in 
the supersonic region for configurations A and B (figs. 18 to 21)) and 
data were also available for the presentation of the lateral character
istics in the subsonic region for altitude effects for configuration C 
(figs. 24 to 26)) no attempt is made in this paper to discuss the results 
inasmuch as other flight data provided a more detailed inSight into the 
variation of the lateral stability characteristics with angle of attack 
at Mach numbers of 0 . 81 and 1 . 14. 

The variation of the lateral stability characteristics with angle 
of attack at M = 0 . 83 at altitudes of 40)000 and 31)000 feet for con
fi gurations C and D) and at M = 1 . 14 at an altitude of 40)000 feet for 
configuration C are shown in f i gures 34 and 35. Also shown in figure 35 
are the variations of Cn~ , CI~' Clp ' and (Cnr - Cn~) with angle of 

attack as obtained from reference 1 for a Mach number of 0.13. 

As shown in figure 34, flight data indicate a decrease in period 
with increasing angle of attack regardless of the Mach number or altitude. 
The damping characteristics impr ove with both increasing angle of attack 
and decreasing altitude . 

I cp I The amplitude ratio ~ and the phase lag of ~CP0 increase with 

angle of attack . Increasing angle of attack tends to place the roll 
and sideslip displacements in phase . This tendency) plus the increase 
in roll angle per unit sid~slip angle) tends to accentuate Dutch roll 
tendencies of the airplane . 

Figure 35 shows the trends of the variation of the derivatives with 
angle of attack . The Cy derivative is not included because the scatter o 
of the fli ght results precluded the possibility of presenting a definite 
trend of Cy vari ation with angle of attack at constant Mach number. 

o 
Although low- speed wind - tunnel data from reference 1 are shown for com
parison with flight results at M = 0 . 83 and M = 1 . 14) a direct compar
ison for the same Mach number conditions is difficult because of the 
p resence of automatic leading- edge slats on the airplane and the large 
~i fference in Mach number which would make extrapolation unreliable. 

Flight results indicate an increase in directional stability and 
effective dihedral with increasing angle of attack. 

The damping- in- roll derivative appears to attain its maximum 

nagnitude at an angle of attack of about 30
. 
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CONCIDSIONS 

From the ana~sis of flight data obtained for four configurations 
of a swept -wing fighter - type airplane over the Mach number range from 
0 . 7 to 1 .48 the following conclusions have been reached: 

1. The time-vector method of ana~sis is capable of producing good 
values of the lateral derivatives Cy~, Cn~' CZ~, and CZp providing 

the damping ratio is less than approximate~ 0.3 . Reli ab le values of 
lateral derivatives (Cnr - Cn~) are diff icult to determine because of 

the sensitivity of this quantity to other factors . 

2 . The expected effects of increasing vertical-tail size, resulting 
in increased magnitudes of Cn~, Cz~, and CIp ' were realized. 

3 . The addition of wing- tip extensions had small effects, except 
for a fair~ large increase in the magnitude of the damping- in-roll 
derivative Cz . 

P 

4 . Theoretical~ calculated derivatives showed fair to good agree 
ment with flight results in the subsonic range with the exception of 
high angle - of- attack values of (Cnr - C~) derivatives. Wind- tunnel data 

for the static derivatives for a Mach number of 1 .41, when corrected for 
torsional f l exibili ty and air- intake effects of the jet engine, showed 
good agreement with flight results . 

5. The experimental rate of decrease i n the magnitudes of . Cn~) 

C2~' and CZp with Mach number at Mach numbers greater than 1.25 was 

larger than estimated . This increased r ate of decrease in magnitudes 
appears to be the result of poss i ble shock wave and flow interference 
at the wing tips. 

Hi~h -Speed Flight Station, 
National Advisory Committee for Aeronautics, 

Edwards, Calif . , March 9, 1956 . 
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APP END DC 

TRANSFER OF, AMPLI'IUDE RATIOS AND PHASE ANGLES 

FROM BODY AXES TO STABILITY AXES 

The transfer of the amplitude ratios and phase angles from body axes 
to stability axes was accomplished by the use of equations for the t rans-

fer of ~ and <il to the stability axes ) and the use of the vector 
I ~I ~rb 

met hod to obtain 1£l l1l ~CPQ) and <il,I,Q . 
1r31) 1r31) f-' 'I'f-' 

To transfer \Pb l 

\rb \ 
and to the stability axes) the following 

equations from reference 9 were employed 

CPbl + tan Ur IPb I 
2 

cos + sin 
Ipl _ Pbf <DPbrb Irb I <DPbrb 

(Al) 1rT- f Cptl . f (1 -~ cos <il~rb tan a, + I rb I Sln <il~rb tan a, 

and 

~ sin <il /Pb/ s i n <D~rb tan a, 

- 1 Irb Pbrb - Irb ! 
<il tan - tan -pr 

~ IPb/ cos <P 1 --- cos <jJ 
Pbrb Irbl Pbrb 

(A2) 

I cp l ill The ampli tude ratios ~ and 1r31 and the phase angles <ilrr3 and 

<D1/rr3 were obtained vectoriallywith the aid of the transverse acceleration 

equation (5 ) as shown in fi~re 8( c) . I n appr oaching this analysis the 
directions of the ~ and r3 vectors are drawn as shown and ) since nei -

ther /cpl nor the direction of the cp vector is known) first approxi -m 
mati ons are made for these quanti ties as follows : 
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and 

where 
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I cP I ~ Ip I 
fnrrr 

¢CP13 ~ ¢CP1jr + 180
0 

and 

31 

(A3) 

(A4 ) 

As a result of these first approximations, the vector diagram is 

drawn as shown. The closing vector 2T I~: determines the first approxi-

mation of the direction of the r vector from which the second approxi
mation of the 1jr vector direction is determined to obtain the second 
approximation of the cP vector direction using ¢pr' 

Irnl Irl 
To obtain the second approximation of nt' divide 2T m by 

2T t&t to obtain the first approximation of 1*+ and multip~ this 

ill ill value of 113 \ by I r I • 

Using the second approximation of Icp\ and direction of the 1jr vec-
WI 

tor, the second approximation of CLo 1:\ is determined and redrawn on 

the vector diagram to obtain a new value of 2T lrl and direction of the 
113 I 

r vector. This second approximation of 2T I~l is now used to obtain 

a second approximation of It I and a third approximation of I::· 
It has been found that the direction of the r vector and the 

magnitudes of +*t and 1:\ determined by carrying the successive 

approximations thus far are ~uite close to the values which would be 
obtained had the successive approximation procedure continued to complete 
convergence. 

Having determined Itl, I::, and the direction of the r vector, 

it is a simple matter to obtain the phase angles ~1jr13 and ¢CP13' 
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TABLE I. - PHYSICAL CHARACTERISTICS OF AIRPIANE 

Wing: 
Airfoil section . . . . . . . . . 
Total area (including aileron and 83.84 sq ft covered by fuselage), sq ft 
Spa,tl, ft ..... . 
Mean aerodynamic chord, ft 
Root chord, ft 
Tip chord, ft 
Taper ratio . 
Aspect ratio 
Sweep at 0.25 chord line, deg 
Incidence, deg 
Dihedral, deg ... 
Geometric twist, deg 
Aileron: 

Area rearward of hinge line (each), sq ft 
Span at hinge line (each), ft 
Chord rearward. of hinge line, percent ring chord 
Travel (each), deg 

Leading-edge slat: 
Span, equivalent, ft 
Segments .. . . . . 
Spanrise location, inboard end, percent ring semispan 
Spanrise location, outboard end, percent ring semispan 
Ratio of slat chord. to ring chord (parallel to fuselage 

line), percent 
Rotation, maximum, deg . . . . . . . . . . . 

Horizontal tail: 
Airfoil section . . . . . . 

reference 

Total area (including 31.65 sq ft covered by fuselage), sq ft 
Span, ft ...... . 
Mean aerodynamic chord, ft 
Root chord, ft 
Tip chord, ft 
Taper ratio . 
Aspect ratio 
Sweep at 0.25 chord line, deg 
Dihedral, deg 
Travel, leading edge up, deg 
Travel, leading edge down, deg 
Irreversible hydraulic boost and artificial feel 

Basic wing 

NACA 64AOO7 
376.02 
36.58 
11.33 
15.86 
4·76 
0.30 
3.56 

45 
o 
o 
o 

19·32 
7. 81 

25 
±l5 

12·71 
5 

24.6 
94.1 

20 
15· 

Basic ring plus 
ring-tip extensions 

NACA 64AOO7 
385.21 
38.58 
11.16 
15·86 
4.15 

0.262 
3.86 

45 
o 
o 
o 

19.32 
7·81 

25 
t15 

12·71 
5 

23·3 
89.2 

20 
15 

NACA 65A003.5 
98.86 
18·72 
5.83 
8.14 
2.46 
0.30 
3.54 

45 
o 
5 

25 

~ 
~ 

~ 
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0\ 
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TABLE 1. - PHYSICAL CHARACTERISTICS OF AlRPLANE - Concluded 

Vertical tail: 
Airfoil section . . . . . . . . . . . . . . . . . . . . . . . . . . 
Area (excludi ng dorsal fin and area blanketed by fuselage ) , sq ft . 
Area blanketed by fuselsge (area between fuselsge contour line and 

line parallel to fuselage reference line through intersections of 
leading edge of vertical tail and fuselage contour line ) 

Span (unblanketed), ft 
Mean aerodynamic chord, ft 
Root chord, ft . 
Tip chord, ft 
Taper ratio . 
Aspect r atio 
Sweep at 0.25 chord line, deg 
Rudder: 

Area, rearward of hinge line, sq ft 
Span at hinge line, ft 
Root chord, ft 
Tip chord, ft . . . 
Travel, deg . . . . 
Spanwise location, inboard end, percent vertical tail span 
Spanwise location, outboard end, percent vertical tail span 
Chord, percent vertical tail chord 
Aerodynamic balance . . . . . . . . . . . . . . . . . . . . 

Fuselage: 
Length (afterburner nozzle closed), ft 
Maximum width, ft . . . . . . 
Maximum depth over canopy, ft .. . 
Side area (total ), sq ft . 
Fineness ratio (afterburner nozzle closed) 

Speed brake: 
Surface area, sq ft 
Maximum deflectio~, deg 

Power plant: 
Turbojet engine . 
Thrust (guarantee 
Mili tary, lb 
Normal, lb 

Airplane weight, lb : 

sea level), afterburner, lb 

Basic (without fuel, oil, water, pilot) 
Total (full fuel, oil, water, pilot) • 

Center- of- gravity lu~ation, percent c: 
Total weight - gear down 
Total weight - gear up 

For moments of inertia and inclination of prinCipal axis, refer to figure 5 . 

~ ,. 

A B 

NACA 65A003 . 5 NACA 65A003. 5 
33 · 5 37 ·3 

2.11 2.11 
6.14 7·45 
5 ·83 5 ·51 
7· 75 7·75 
3 . 32 2 · 32 

0 .428 0 ·301 
1.13 1.49 

45 45 

6 . 3 6.3 
3 . 33 3 ·33 
2 · 27 2.27 
1.50 1.50 

"!:20 t 20 
4·5 3·7 

58 . 2 48.0 
30 . 0 30.0 

Overhanging, Overhanging, 
unsealed unsealed 

C 

NACA 65A003 .5 
42·7 

2.45 
7·93 
5·90 
8 . 28 
2.49 

0 ·301 
1.49 

45 

6 .3 
3 ·33 
2.27 
1.50 
t20 
3.1 

44 . 8 
28 .4 

Overhanging, 
unsealed 

45.64 
5.58 
6.37 

230·92 
7·86 

14.14 
50 

One Pratt & Whitney J57-P7 with afterburner 
15,000 
9,220 
8,000 

19,662 
24,800 

29 .5 
29.5 

\.>J 
0\ 

o 
o 
~ 
tJ 
~ 
~ 
t-i 

~ o 
:r> 

~ 
a1 
0\ o 
I'\) 
o 
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~------------- 557 ~ I 

o o 
C/4 

Cf4 
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;7 
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t--------- 462 ---------~ 
4:3 8 - ----------+1 

o 
00 

o 

Figure 1 . - Three -view drawing of airplane with original vertical tai l and 
the extended as wel l as t he original wing . All dimensions i n inches. 
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Ta il 

Assumed roo t chords 
For supersonic calculations 
for subsonic calculations 

A 

Tail C 

Toil B 

blanketed 

c/4 for toils A and B 

'---- c/4 for ta it C 

NACA RM H56c20 

/ / / 

Figure 4. - Sketch of vertical tails A, B, and C. Refer to table I for 
physical characteristics of the vertical tail. 
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68 3 xlO 

. ---I--
1.--J--

I---- 1- -

~ I-- IZ ---r-- 0 
66 

64 

IZ ,Iy 62 o 0 

60 --I----
~ I--

r--1.----
~ ~ Iy -----~ 0 

58 

56 

11.2 3 xlO ---v · ------ i--
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---I--

---r--

lOA 

.8 t--t-- t-- t--t---f- - t--r-- t--

.6 
E, deg 

200 20.8 21.6 22~ 

W, Ib 

23-2 24.0 24.8 x 103 

Figure 5.- Approxi mated variation of principal moments of inertia and 
inclination of principal axis relative to the body axis . Clean 
confi guration . 
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M 1.
5

1 I I I I I I 
\.4 

33r03
1 

I nil I hp, ft 
32 

8 

8at , 4 

- - - - - .. - - - - - -n ( 
\ l8r _ it - 1-- t--- - t-- - r-

t--- - c-- ~ - ----r--

-4 

-8 

4 
a 

f 
2 -

a, {3, deg V-- I"- v---- 1"-/ 
{3 / 

o 

-2 

p, r, radians/ sec : 1 <ftHrl-OfJ11 f -1 I, 
-2 o 2 4 6 8 10 12 

t, sec 

(a) Configuration C. M ~ 1.45; hp ~ 32,500 feet. 

Figure 6.- Ti me histories of lateral oscillations induced by a rudder 
pulse . 

CONFIDENTIAL 

" 



NACA RM H56c20 C ONF IDENT IAL 
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(b) Configuration D. M ~ 0.78; ~ ~ 40)400 feet. 

Figure 6.- Concluded . 
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CONF IDENT IAL 

Film scale ractors per inch 

p ~ 4.19 radi ans/sec 
r ~ 0.543 r a dians/s ec 
~ :::: 10.75 deg 
at ~ 203 0 g 

5 6 
t, sec 

7 

J.:hl 
.) ~1 ) 

NACA RM H56c20 

8 9 10 

= 6.9 
x ~ x 57.3 1.71 11.7 10.75 = 

Figur e 7.- Typi cal use of the semilogarithmic sheets fo r determi ning Tl/2 
and amplitude r ati os . hp = 30, 280 f eet ; M = 0 . 775 ; P = 2 . 98 sec ; 

Tl /2 = 2 . 40 sec . 
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CONF IDENT IAL 

~ ~I )( I = 0.024 
v 13 1 

~ x Irhl = -0.068 
Vr;;:T 

\3 

--t------':>.r-=-.;=,----,--........,1---+'---.J.-...:.,....;.-- \3 1 

-75. 1° 
If: 5.0° 111.(3(31 = 

Corrected phase angles 

~Pb(3 = ili
Pb

(31 - !I(3i31 = - 215. 1 -5. 0 = -220.1° 

lI!r b
i3 = lI!r

b
(31 - '(3(31 = -75. 1 -5·0 = -80.1° 

iii - If - lI!(.l.(.l.l= 203.9 -5.0 = 198.9° at1(3 - ~l[3l t-'t-' 

(a) Determination of phase lag and magnification factor of [3-vane due 
to vane location. 

Figure 8.- Typical sequence employed i n the determination of lateral 
derivatives using flight data and the time-vector method . 
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(b ) Determination of correct value of Correction necessitated by 

lateral accelerometer location. 

Figure 8. - Continued. 
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(c) Determination of \;1, I~:, and positions of the r, 

tors relative to ~ . 

1jr , and cp vec -

Figure 8.- Continued. 
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CL ~ _ Cy ~ - ( Cy - Cy·) k!J - Cy = 0 o I ~ I p I~ J r ~ J~ J ~ 

Jr' J 

NACA RM H56c20 

\ 
\ 
r 

C
Yr 

- Cy~ = (CYr - CYs) rp-T = 0 . 004 = 0.080 
~ Jr' I 0.0498 

Ti3T 
(d) Determinati on of CY~ and (CYr - Cy~) . 

Figure 8.- Continued . 
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(e) Determination of Cn~ and (Cnr - Cn~). 

Figure 8.- Continued . 
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IX I pi _ IXZ 

qSb x ijl qSb 

~ Ii-I 
qSb x ~I = 0.004. 

p, , , 
" . __ r 

--------------~~~----------------~ 

I r' I 
~ = -0.0052 ~ \ 

~ Ipl 
qSb x ~ = 0.0408 · 

/ . 
p 

/ 

/ 

/ 

, 
~ I 

'\' 
~ r-C x.l£.:j= 
\'\ Lp I~ I 

1"-
r 

0.0318 

-0.0318 
= 0.151 = -0.211 

(f) Determination of 

Figure 8.- Concluded. 
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Figure 9.- Effect of flexibility of vertical tail C on vertical tail con
t ributions to Cn~, Cnr , CY~' and CYr. or = 0°; a = 0°; ~ = -*. 
(Manufacturer's estimate .) 
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Figure 10.- Change in lateral stability derivatives due to torsional 
flexibility of the vertical stabilizer in configurat ions C and D. 
Estimates based on calculated derivatives . 
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Figure 11.- Estimated weight rate of air to jet engine to maintain 
cruising speed. 
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Figure 12 . - Est i mated contribution of the i ntake air of the jet engi ne 
t o Cy~ and Cn~ . 
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Figure 23 .- Variation of static and dynamic lateral stability derivatives 
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(a) Period characteristics . 
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Figure 28.- Amplitude ratio and phase angle characteristics of the air
plane at its natural frequency as funct i ons of Mach number, altitude , 
and angle of attack per load factor . Configuration D. 
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Figure 29.- Variation of static and dynamic lateral stability derivatives 
with Mach number . Configuration D. 
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Figure 35.- Static and dynamic lateral stability derivative characteri s 
tics as funct i ons of angle of attack at constant Mach number . Con 
figurations C and D. 

CONFIDENTIAL 
NACA - La ngley Fi eld , V~. 



) . 
" . 

, . ... , 
'1 : 

..,~ .. , 
'. ' : ~ .. 
". '"".. .. ... ' " .. 
' .C ,,' 

• ~ • ow wf 

'1 p " ~ 

• 'I' J < . ..' : .~ .. , 
;..;, :' ~ ~. . 
.. , ~' . , . 
:' .. . ". > ., . 

. ..~.. '-: ;~ ' . 

... . ~ 

<. 

. -. 
, ~ 

-' . . : . .. 
l ' .' 

, I 
\' .... 

,-
<, . 

\, : .. 

CON FI DENTIAL 
• 0 ' ~ ~ • 

• -. , I 

~. 

. --- . '. 
'\0 

t . 

! 


