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NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 

TECHNICAL NOTE D-IO6O 

AERODYNAMIC-DERIVATIVE CHARACTERISTICS OF THE X-15 

RESEARCH AIRPLANE AS DETERMINED FROM FLIGHT 

TESTS FOR MACH NUMBERS FROM 0.6 TO 3-4 

By Roxanah B. Yancey, Herman A. Rediess, 

and Glenn H. Robinson 

SUMMARY 

The longitudinal, lateral, and directional stability and control 

derivatives as determined from flight tests of the X-15 research 

airplane with an interim rocket engine are presented for Mach numbers 

from 0.6 to 3.4 and angles of attack up to l6°. The results are 

derived from pulse, pull-up, and sideslip maneuvers and are compared 

with wind-tunnel results for corresponding Mach number and angle-of- 

attack conditions. The various methods used in the analysis of the 

flight data are considered, and new methods are described in detail. 

Comparisons of the flight and wind-tunnel results show that, for 

the most part, the predicted levels of stability and contro^. effective¬ 

ness were realized under full-scale flight conditions. For*Mach numbers 

in excess of 1.8, however, the static directional-stability derivative 

and the directional control effectiveness from wind-tunnel data are as 

much as 25 percent higher than values determined from flight. The 

dihedral effect, as predicted, diminishes with increasing supersonic 

Mach number and becomes adverse at Mach numbers above 2.3. Significant 

variations due to angle of attack or jet-exhaust effects could not be 

detected in the flight data, except for the dihedral derivative which 

shows a possible angle-of-attack effect. 

Where the suitability of the flight records for simple analysis 

was questionable, an analog-matching technique was also applied. The 

effects of the stability augmentation system on the flight responses 

were approximated, where necessary, by relatively simple empirical 

factors derived from an X-15 flight simulator. 

INTRODUCTION 

A Flight simulators are necessarily being used more extensively than 

in the past for planning and directing flight test programs with 
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experimental and research-type airolan*« a« _ , 
the airplane response character!a v,’ ^ accurate simulation of 

compilation of the characteristics neCeSSitates a comPle'te 
derivatives which are indicatil of and COntro1 
flight-determined derivatives obtained d c.ual airplane‘ ln "this respect, 

te6ts ara comparad to Sdlt^aí daí í ^ T °f the fll8ht 

correlation and to ^rdZl^rSrct^Xí^ 

emploíedíníhfÍSSatioípr^rÍíiríhaíírai116! ¥lnd’t'Ilmel ^ 
derived from actual flight tests in X"1? airplane with data 
being conducted by the Naiionsî a h^so^ flight research program 

the U. S. Air Force and ÎheT ^ SpaCe Administration^ 
Center, Edwards, Cali? S* ^ &t the NASA Fli«ht Search # 

were obtained duri^tírinteri^^uild117 ??? ^ontro1 derivatives that 
in which the low-pwer LRU Re^tÏ?Î Mnïn 8 vPr0gram With the 
The methods and flight technw! f JS r0Cket enßines were used. 

ÄÄ fr« 

StXsr ^the ÆnÂÂ^- -^ 

determining the directional°stabilrtldrelationshiPs used for 
derivatives is preslnted^ ?^ndí ^ and ^‘damping 
Plight Research Center. PP ^ A> by Chester H* Wolowicz of the 

SYMBOLS AND COEFFICIENTS 

Of ort^ïï^* thlS lnvestISation are referred to the body syetem 

an 

at 

b 

normal acceleration at center of gravity, g units 

transverse acceleration at center of gravity, g units 

wing span, ft 

Cz 

CZT 

rolling-moment coefficient Rolling moment 
' qSb 

damping-in-roll derivative, 
ÒC l 

°\2V/ 

‘, Per radian 
4 

w
 oj oj co 
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:h rate of chan«e of rolling-moment coefficient with yawing 

angular-velocity factor, per radian 

lateral-stability derivative, per deg 

aileron ÒC, 
-effectiveness derivative, per deg 

■'m 

variation of rolling-moment coefficient with vertical-tail 
ÒC7 

deflection, per deg 

pitching-moment coefficient, P-tchlng moment 
qSd 

(n \ 
Cniq + Cn£) damping-in-pitch derivative, —JL + J2L 

/ ^/ac\ . /í>ñ\, N#qc\ ote) 
d'2V/ °\2V/ 

per radian 

longitudinal-stability derivative, per deg 

-mg, 

'N 

àCr, h Stabilizer-effectiveness derivative, per deg 

normal-force coefficient, formal force 
qS 

l,a 

'Op 

ÒCn normal-force-curve slope, per deg 

normal-force-curve slope for pull-up. d6h 
W ' T ~ àa Ò6h toT’ 

per deg 

Cn yawing-moment coefficient, Yawing moment 
qSb 

J 
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’np variation of yawing-moment coefficient with rolling angular- 
ÒC 

velocity factor, -t—per radian 

\2V/ 

^cnr " Cn^j damping-in-yaw derivative, ÒCr 

'nß 

Cnc 

cn 

CY 

% 

<%) <i) 
0Cn 
rr> Per radian 

âCr 
directional-stability derivative, ¿2, per deg 

oß 

variation of yawing-moment coefficient with aileron 
òCn deflection, ^ , per deg 

âCv 
ôv vertical-tail-effectiveness derivative, —2, per deg 

ÒÔy * 

side-force coefficient Side force 
' qS 

ÒC 
side-force derivative, per deg 

oß 

variation of sida-force coefficient with vertical-tail 

deflection, per deg 

mean aerodynamic chord, ft 

Fh longitudinal center-stick force, lb 

P1'P3 correction factors to the natural frequency for stabilitv- 
augmentation-system effects (eqs. (B9) and (Bll)) 

?2f Fk correction factors to the damping for stability-augmentation 
system effects (eqs. (B9) and (Bll)) augmentation- 

P5 correction factor to ||l for stability. 

effects (eq. (Bll)) 
-augmentation-system 
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g 

ix 

ïy 

Iz 

M 

M 

R1 

P 

P 

q 

q 

R 

r 

S 

s 

Tl/2 

t 

V 

w 

z 

acceleration due to gravity, ft/sec^ 

pressure altitude, ft 

moment of inertia about X-axis, slug-ft2 

moment of inertia about Y-axis, slug-ft2 

moment of inertia about Z-axis, slug-ft2 

product of inertia, |^IZ - Ix)sin 2e, slug-ft2 

stability-augmentation-system gain 

Mach number 

dimensional pitching-moment parameter (appendix B), ^ Cm, 
1/sec2 IY 

mass of airplane, slugs 

period of longitudinal or lateral-directional oscillation, sec 

rolling angular velocity, radians/sec or deg/sec 

pitching angular velocity, radians/sec or deg/sec 

free-stream dynamic pressure, ipV2, Ib/sq ft 

Reynolds number 

yawing angular velocity, radians/sec or deg/sec 

wing area, sq ft 

Laplace transform variable, l/sec 

time required for transient oscillation to damp to half 
amplitude, sec 

time, sec 

true airspeed, ft/sec 

airplane weight, lb 

dimensional lift parameter, -¾ CM, l/sec « 
7 mV ' 

O 
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a 

ß 

A 

6a 

6aß 

8h 

8V 

Sv, 
rß 

£ 

C 

0 

T 

P 

« 

*d 

9 

% 

airplane angle of attack, deg 

airplane angle of sideslip, deg 

incremental value 

total aileron deflection, 8¾ - 8hR, deg 

rate of change of aileron deflection with sideslip angle 

horizontal-tail deflection, ¿(8hl + 6hR), deg 

vertical-tail deflection, + 6v¡), deg 

raw change of vertical-tall deflection with sideslip 

inclination of principa X-axls to the body X-axls, deg 

ratio of actual damping to critical damping 

pitch attitude, deg 

tlae constant for simplified stability segmentation system, sec 

mass density of air, slugs/cu ft 

phase angle, deg 

damping angle, tan”1 —■ S . deg 
yfrrç’ 

roll attitude, deg 

“ÆSiÂ/Â- or 
damped natural freqpency, radians/sec 

Subscripts: 

left 

lower vertical tail 

partial derivative with respect to pitching rate (appendix B) 

W
 
OJ CM C

O
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R right 

T pull-up maneuver with respect to lift-curve slope 

u upper vertical tail 

a partial derivative with respect to angle of attack 

6h partial derivative with respect to stabilizer deflection 

0 longitudinal mode 

I lateral-directional mode 

0 initial tens 

A dot over a symbol indicates the derivative of the quartity with 
respect to time. 

The symbol | | represents the absolute magnitude of a quantity. 

pie phase angle of a vector x relative to a reference vector y is 
indicated by the subscript xy. 

A prime indicates that the term was obtained with the stability 
augmentation system in operation ( see appendix B). 

A bar over a term (with the exception of q) denotes that the term 
was obtained on the X-15 simulator ( see appendix B)• 

AIRPLANE 

The X-15 airplane (figs. 1 and 2) is a single-place research 
rocket airplane designed to investigate the hypersonic flight regime 
at speeds up to 6,600 feet per second and at altitudes up to at least 
250,000 feet. The major part of the X-15 cylindrical fuselage is 
composed of integral propellant tanks, thereby requiring the addition 
of triangular-shaped side fairings to enclose the components of the 
various systems. An instrument compartment is located immediately to 
the rear of the cockpit. Speed brakes are provided in the rear 
inboard sections of the upper and lower vertical tails. The landing 
gear consists of a dual-wheel nose gear locatld well forward and a 
skid-type main gear located under the tail. 

For the tests reported herein, except as specified in particular 
instances, the X-15 was equipped with two LR11 rocket engines 
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aamf&cturcd by the Reaction Motors Division of the Thiokol Chemical 

-.ri en*ines mounte<i one above the other in the rear end of 
„J® Î"15 ^861^ ^ en«ine has four individually operated cylinders 
which use an alcohol-water mixture as fuel and liquid oxygen as an 
oxidi2er. Ihe combined thrust of the engines is about 16,000 pounds 

19,000 feet^6 °f 50,000 feet* deSign altltude of the nozzles is 

+ 118,8 8 5“Percent wing with an aspect ratio of 2.5. a wed*e- 
type vertical tail, and a slab-type horizontal surface. The physical 
characteristics of the airplane are listed in detail in table I. The 
variations with airplane weight of the moments of inertia about the 
body reference axes for both power-off and power-on conditions, as 
determined by the manufacturer, are shown in figure 3. 

Irreversible hydraulic systems actuate all aerodynamic control 
surfaces of the X-I5. landing flaps are provided which also are 

A slab_type horizontal stabilizer furnishes 

f r f/ifferentially- ^ horizontal-control-surface Te ls 
limited to 25 degrees per second, and the time lag from stick to 

8^f is about second. The upper and lower directional- 
control surfaces are moved by conventional rudder pedals. The lower 

*ectlon is Jettisoned prior to landing to provide adequate 
ground clearance. * 

A rate-sensing damper system coupled to the aerodynamic-control 
surfaces provides three-axes stability augmentation. An interconnect 
damper system (termed "yar") feeds yaw-rate signals into the roll- 

orth^MiS^rSn0 provld%eirtra/011 i“]?!"«- The gains and authority 
or the pitch, roll, yaw, and yar damper systems are shown in table II 

hereinnasn"SAS", ^ Stability augmentation system is referred to 

INSTRUMENTATION 

The following quantities pertinent to the derivative investicatinr 

nizea at O.l-second intervals by a common timer: 

Airspeed and pressure altitude 
Normal and transverse accelerations 
Pitching angular velocity and acceleration 
Yawing angular velocity and acceleration 
Rolling angular velocity and acceleration 
Angle of attack 

i 

tc OJ OJ C
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Angle of sideslip 
Right and left horizontal-tail deflection 
Upper and lower vertical-tail deflection 

The airspeed and altitude were measured by a NASA pitot-static 
tube mounted on the airplane nose boom. Angles of attack and sideslip 
were measured by free-floating vanes also mounted on the nose boom. 
The errors in these angles, induced by the aircraft pitching, yawing 
or rolling motions, were found to be within the experimental accuracy 
of the data; hence, corrections were not considered necessary. 
Reference was made to the airplane body axes in determining the angular, 
velocities and accelerations as well as the linear acceleration. 

The ranges and dynamic characteristics for the instruments measuring 
linear acceleration, angle of attack, angle of sideslip, angular 
velocity, and acceleration are as follows: 

Function Range Undamped natural 
frequency, cps Damping ratio 

an, g units 

a-t, g units 
a, deg 

¿eg 
q, radians/sec 
p, radians/sec 
r, radians/sec 

radians/sec2 
t, radians/sec2 
i, radians/sec2 

-3.O 

8.0 

±1.0 

-20.0 

40.0 
±30.0 

±0.5 
±2.0 

±0.5 
±1.0 

±1.6 

±3*2 

3I.O 

9.5 
12.0 

12.0 

8.5 

I5.O 

8.5 
I9.5 
20.0 

19.8 

0.640 

.640 
•TOO 

.700 

.630 

.602 

.666 

.685 

.646 

.640 

Recordings were generally accurate within ±2 percent of the full- 
scale readings. 

An inertial platform was available on many flights for supplementary 
measurement of altitude and velocity as well as airplane attitudes about 
all three earth-referenced axes. 

FLIGHT TESTS 

The X-I5 airplane is carried under the right wing of a B-52 
airplane to an altitude of approximately 45,000 feet and released to 
perform its flight mission. It then glides to a landing on the dry 
lakebed at Edwards Air Force Base, Calif. 
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The flight data used in determining the derivative characteristics 
presented herein consisted of time histories of the airplane responses 
to abrupt pitch-, yaw-, and roll-control inputs (pulses), and to pull-up 
and sideslip maneuvers performed at Mach numbers from 0.6 to 3.4. For 
the pulses, the pilot applied control rapidly, returned the control to 
the trim position, then attempted to hold the controls fixed during the 
ensuing transient motions. A typical time history of a pitch pulse is 
shown in figure 4. In lateral-directional maneuvers the roll control 
was difficult to hold fixed; therefore, most of the yaw and roll pulses 
had some roll-control input during the transient oscillations. Time 
histories of yaw and roll pulses with the stability augmentation system 
off and on are shown in figures 5(a) to 5(d). Ideally, pulse maneuvers 
should be performed at constant Mach number and altitude, and the free 
oscillations should be allowed to persist through a large number of 
cycles following the control input; however, typical X-15 missions and 
performance characteristics generally precluded attainment of these 
ideal conditions. Thus, it was usually necessary to restrict the 
number and duration of the maneuvers that could be performed in any one 
flight. Moreover, the stability augmentation system often could not be 
completely deactivated because of safety-of-flight restrictions, and the 
controls-fixed condition could not be realized. The lowest gain settings 
possible were used for these conditions, and an empirical correction to 
the basic data was applied to account for the effects of the stability 
augmentation system ( see appendix B). 

Pull-ups and wind-up turns, as dictated by flight patterns, were 
also used to extract static longitudinal-derivative characteristics. 
A time history of a typical pull-up maneuver is shown in figure 6. 

A limited number of wings-level sideslip maneuvers were performed 
as an alternate technique for determining the static lateral-directional 
characteristics. A time history of a typical sideslip is shown in 
figure 7. 

The maneuvers were performed for the overall ranges of flight 
conditions of M = 0.6 to 3.4, hp = 23,000 ft to 80,000 ft, 
5 = 130 Ib/sq ft to 1,300 Ib/sq ft, a = 0° to 16°, and a,, = Qg to 3.5g. 

WIND-TUNNEL DATA 

Derivative characteristics from X-15 model tests in the Mach 
number range from 0.2 to 3*4 are available from several sources (refs. 1 
to Ö). The manufacturer, in reference 1, has assimilated the various 
wind-tunnel test results into a composite set of faired aerodynamic 
data extending through most of the predicted flight envelope. The 
wind-tunnel data presented herein as a comparison with flight data are 

ö
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% 
°n reference 1 “d the references listed in the 

settiS^ Sd c nn mpthe data are for trim horizontal-stabilizer 
settings, and C^, C^, and have been corrected t8 a 

center-of-gravity position at 22 oercent. nr +ho __-,__ ... . 

5 

6 

8 

Langley 4- by 4- 
foot supersonic 
pressure tunnel 

Ames Unitary Plan 
wind tunnel 

Langley Unitary 
Plan wind tunnel 

Naval Supersonic 
Laboratory Wind 
Tunnel 

Naval Supersonic 
Laboratory Wind 
Tunnel 

1*55 to 3.50 

2.29, 2.98, 
4.65 

1-5, 2.5, 
3.5 

1-5, 2.5, 
3.5 

.09 

.C67 

.02 

.02 

I.5 

.51 to 4.43 

.34 to .39 

•3^ to .39 

thfo1^^? 2?? 8"f00t transonic pressure tunnel for 
the O.OÔJ-scaie model were also used in detemining the fairings over a 
Mach number range from 0.60 to I.18 (2.2 x lcT< R < 2.8 x IO?? 

ANALYSIS AND PRESENTATION OF FLIGHT DATA 

relationships generally employed for detemining the longitu- 

ex^le r3erLecS/r *** *** be f0Und in studiel for example, reference 9. It was recognized during the development of the 

ï; that diffUnities would probably bfexpertenced 
the ^ flJght data which would be of acceptable quality for use in 

S a °f »e lateml dert™tl“s. 
!í dy WaS of the limitations of nomally used 

implified equations, applicable to oscillatory data, for detemining 
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Hß an<* (^nr " Cnß)- ^ur^ng the study, new expressions were developed 

CV Cy and (Cnr " Cnß) which are applicable when the influence 

“ thf The development 

for 

Of Iy7 

and limitations of these expressions and the limitatiois^th^ 
previously used expressions are presented in appendix A. 

The extent of the flight coverage in this paper relative to the 

Tri1 flißht enVel0pe is shown in fi^re 8- Data a? Sîgh 
flights wi?h the CTRof ner?lly ^?king; however, data obtained from 
lights with the XLR99 engine will gradually fill out the flight envelope. 

The following sections briefly outline the analytical methods and 
equations used for calculating the longitudinal and lateral-directional 
derivatives and describe an analog-matching technique for verification 
of the calculated results. A figure showing the variation of the 

u“edd?rlïatlïe ^ 18 

Longitudinal Derivatives 

The derivatives C%, C%, and (c^ + c^) for fixed controis 

were determined from the following relationships (refs. 9 and 10) 

C - w lin C% ' is |5 (i) 

2 
Iis“* (2) 

(H)' 

(3) 

The derivative corresponding to near-trimmed flight 

conditions was determined as the linear variation of nomal-foree 

coefficient with angle of attack during pull-ups or tur^! 

t
c
 
O
J
 
C
M
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O
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The basic values of P, T^g, and amplitude ratio used in 

f5n™e+rPr!fSí0n? are presented in table HI- The valuesavere derived 
hÍSt0ríe!,SÍmÍlar t0 those shown in figure k. When the 

fr0billty augrnent!ti0n system was in operation, the undamped natural 
frequency (% and damping parameter obtained from the time 
:\S^ries were corrected to approximately the SAS-off values by the 
method presented in appendix B. The computed values for C%, 

(Cmq + C®à)> and cm6h are plotted as functions of Mach number in 

figure 9. In figures 10(a), 10(b), 11, and 12, respectively, Cji^, Cm , 

and (c^ + are compared with wind-tunnel predictions. ^ 

The control effectiveness Cm^ was determined from quantities 

measured during the initial input portion of the stabilizer pulse 
maneuvers. The following simplified expression was used 

= ^Sh^SJ ^ (4) 

When could not be obtained from flighi. data at identical conditions 

estimated value from faired data was used, 
and wind-tunnel results are compared in figure I3. The flight 

Lateral and Directional Derivatives 

at time-vector method (ref. 9) has generally been used 
deríratíf8* níght RfSearch Center for determining lateral-stability 
fS^MnsieJ" aîP ylng thlS ”eth0,i’ houever' S0°d-9uality eontrol- 

responses at near-constant Mach number and angle of 
ãÍM k retired. Since such conditions were rarely 
achieved with the X-I5, simpler analytical expressions were used In 
this paper, with fev exceptions. In place of L time-vector mShS. 

The static dlrectlonal-stablllty derivative was determined 

from the following equation (see appendix A) 

r IZñi I r I 
nß =üT|r (5) 
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Occasionally, accurate estimates of the ratio U-j could not be 

determined from the flight records, and the expression 

qSb 

IZ 
+ cz Ix L ■ß (6) 

was used instead. In this expression, a value for Cz was obtained 

from faired flight data, if available, or wind-tunnel data. Where 

effWiPS Were perf°med and the lateral- and directional-control 
“r vere fr<” *«•>. the following relationship 

H 

Cnß= -Nv'vp + cxs) (7) 

The dihedral effect was evaluated from both pulse and 

sideslip maneuvers. For pulses (appendix A) 

For sideslips 

%=3 é “»'(BH ¿ •2)] (8) 

lß = 
+ C r P !6aS (9) 

ïïe"eoia ni“?"““"™638 temS ”ere ^ fro” 

Table IV summarizes the basic values of P 
from r> t1/2> and ¡—-f 

which the derivatives Cnß and Clß were computed. Figure 5 presents 

typical time histories of the verticalo-ii o 

Äar^ fnÄt!“ “ïï °” 

are compared with wind-tunnel results in figures 15 and 16^ respectively. 

initial control inpits. The directionallco^l deri^ti"sC 

Ci6^ were calculated from the following expressions '"Si 
and 

OJ C\J 0
0
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CîBv = AP ' ^ ^ ' 0iP • Ci^ 

and the roll-control derivatives from similar expressions 

15 

(io) 

(H) 

^a 

(12) 

(13) 

In the absence of flight-detennined values for CZp, wind-tunnel values 

f0mutheSe derivatives are shown as functions of Mach 
in flicht a gUre 1^‘ Th® ^ontr°l-effec'tivcness derivatives determined 

flight are compared with wind-tunnel predictions in figures l8 and 19. 

The side-force derivative CYß was computed for pulses from the 
simple expression K 

cY ■ - iL JM 
ß qS |ß (14) 

and for sideslips with wings near level 

w dat dBv 

% = w (15) 

ÍS S\0Wn as a of Mach number in figure 14. The 
flight and wind-tunnel data for CYß are given in figure 20? 

Lastly, the approximate equation (appendix A) 

(Cnr ‘ Cn¿) = - Jvy H 

\2v)qSb 
(16) 

ngu?esdirLdh2eidamPÍnS deriVatlve* These derivatives are presented in 
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Czr i*01* the X-15 are very small and, 
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The derivatives Cnp and 

because of limitations in the techniques employed, could not be 

dfeTÍe?' J^riTig the interim program, the roll maneuvers were not 
of sufficient duration and rate to enable a satisfactory evaluation of 
the damping derivative C7 . 

When the stability augmentation system is operative, as it was 
during many of the test maneuvers, the preceding relationships for the 
transient maneuvers are not directly applicable. The manner in which 

the basic flight data a>n, Ça*, —J r and were corrected for the 

stability-augmentation-system effects 
going equations is described in appendix B. 

to make them usable in the fore- 

Analog-Matching Technique 

The preceding equations (eqs. (l) to (l6)) are not generally 

follwed the initiíl01’1?^6? ^ pilot-Plus-SAS-induced control motions 
followed the initial control input, inasmuch as they are derived from 

Thêíeforf derST 0scllla*lons the forcing control input. 
Therefore, derivatives were extracted from these types of flight data bv 
a matching technique (ref. 11). Thin technique vafalao employai * 
occasionally to confirm results from the simplified equations/ 

/ Jsimulation of the flight time history for each maneuver was 
tained on a five-degree-of-freedom analog setup by programing the 

contro! inputs into the analog through a plotting table and comparing 

the I /rateÍaiITlane responses t0 a transparent oveSay^f 
the actual flight records. The stability and control derivatives on 
the simulator were then varied from the basic wind-tunnel values as 
necessary, to match the flight time history. Figured aS 23 are 

oSít/Í/1“108^^68 0f an alleron'induced lateral-directional 
osciHation and a horizontal-stabilizer pulse, respectively. The values 
of derivatives which gave the best match for each maneuver are presented 
vithanaiyticul resulte In figures 10(a), 11 to 13, 1^6 "I, ï“ 

. ^ refinement, particularly important because of the rapidlv 

Sou offlLTî10”8.^"1™064 äurlng SUCh -euvers, «S thPe y simulation of flight dynamic pressure as a linear function of time. 

the b^ic ^SatabÍÍÍty;aUgíentatl0n"8yStem were moderate to high, 
the basic airplane damping derivatives contributed only a small 6 

tthe t0tal dM,tlng' and’ thercfore- could not “ determined 
with sufficient accuracy to be considered conclusive. In each Jase 
only derivatives which made a significant change in the ti“ hls“Ji 
were considered. These, in general, includedlll the lrl™«v fíí the 
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longitudinal mode and the lateral-directional mode except Cn , C2 , , 

«nd CYß. The derivatives + C^\ and (c„r - coïld usually 

be determined from maneuvers performed with the corresponding stability 
augmentation system disengaged« 

RESULTS AND DISCUSSION 

In the following sections, the general trends in the derivative 
characteristics from flight are considered briefly and comparisons are 
made with wind-tunnel predictions. The accuracy of the flight-determined 
derivatives for any one method of analysis can best be ascertained by 
the scatter of data in the figures. It is difficult and possibly 
unrealistic to express the accuracies as a definite percentage value 
because of the multitude of factors involved, such as the quality of 
the maneuver, the accuracy of the sensing and recording instruments, 
the accuracy of the equation or the technique for the particular 
condition being investigated, and the skill of the analyst who weighs 
all of the factors in the analysis. 

^ Basic Data 

The periods, times to damp to half amplitude, and amplitude ratios 
obtained from time histories of pulses over the range of flight 
conditions covered by the X-I5 with the LR11 engines are listed in 
tables III and IV. Because the flight parameters which influence the 
basic data (Mach number, angle of attack, altitude, power on or off, 
SAS on or off, and combination of SAS gain settings) varied continuously 
within each flight and from flight to flight, different flight conditions 
were experienced for almost every data point. It is estimated that the 
periods could generally be determined within O.O5 second for the low to 
moderate damping ratios encountered (less than O.3O). 

Longitudinal Derivatives 

Flight trends.- The longitudinal stability and control derivatives 
from flight, as shown in figure 9» exhibit the moderate compressibility 
and transonic Mach number effects expected for slender vehicles and the 
gradual decline of lift effectiveness with increasing supersonic Mach 
number. The stability derivative C% reaches a peak value at a 

somewhat higher Mach number and, in particular, changes less rapidly 
with Mach number than does at transonic speeds. These combined 

effects produce an apparent pitch-up while the airplane is decelerating 
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through this range. The values of (¾^ and indicate that the 

îïJLÏÎ8 a higÍleVel of static iongitudinal stability and control 
effectiveness throughout the Mach number and angle-of-attack ranges 

•„ f16 Stablll,:í, 18 «*“"*«1* i» the transonic region, but, as indicated by the trends of /(¼^ + CjdÂ and Cm , 

A?+^aSuS t0 l0r levels with increasing supersonic Mach number. 
Although several ranges of angle of attack are shown in the figure, no 

nsistent angle-of-attack effect is apparent within the experimental 
accuracy of the data. A distinction between power-on and ^o?^ 

“rL^vit^6 in figure 9; howev^ n°con8istent 

, , gind-tunnel predictions.- The flight results are compared with 
wind-tunnel predictions for several angle-of-attack ranges in 

u^fSjfhn^3, The meth0d f0r deteraining the derivatives and the 
use of stability augmentation (on or off) are also indicated in these 

gures. In general, the flight and wind-tunnel results are in fairly 

aid ^ulirurt^ A COmparison of n^es 10(a) and 10(b) for the pulse- 
and pull-up type maneuvers, respectively, reveals an appreciable 
reduction in airplane lift-curve slope due to the relatively large 

?rS nighÎa(niZe^tifî "eqUÍred f0r trim* 1116 stabilizer effectiveness 
thíí ;::g ; ifig* however^ appears to be about 10 percent lower 

n the wind-tunnel values in the lower range of stabilizer defl^+irmo 
fte static stability derivative C% is SrlhL 

Jf,a^kxfr0ni 0° t0 ^ (fig* 11). At Mach numbers from 1.2 to 2 0 
1ight-deterained does not verify the nonlinear effect of angle of 

attack that is evident in the wind-tunnel results at low angles of atto^v 
ae flight data are relatively constant with angle oV^Uel Sherea 
the wind-tunnel values of decrease slight at low angles of attack 

in this Mach number range. 

aud figures 11 t0 13 show that the results from the 
Ä ting. eChnir generally ^ree with the results from the simplified equations discussed previously. 

Lateral-Directional Derivatives 

Flight trends.- The directional-stability derivative _ 

flÎgîî îefts' as seen in figure 14, reaches a maximum value at M * i k 

^ho“eS fapidlî ^ the number range from 1.6 to 2.0. 
ug e values of at angles of attack from 10° to 16° appear 

from 

K
 CVI 
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show that the downward trend in C^, as established by this interim 

program, does not continue but tends to level off at higher Mach 
numbers. No systematic effect of engine power is apparent in the C« 

flight data. All data beyond M » 2.0 were obtained after engine shut¬ 
down. At high Mach numbers it appears that angle of attack may affect 
the dihedral derivative (fig. 14); however, the trends cannot be 

firmly established because of a lack of data in this area. The flight- 
determined CIp gradually changes from favorable to adverse (positive 

Giß) at »tout M = 2.3 and possibly tends to increase positively with 

angle of attack at Mach numbers greater than 2.3. In flight, this trend 
is evident at the higher angles of attack as a reduction of the airplane 
static stability in the Dutch roll mode (ref. 12) and as a change in the 
relation of bank angle to sideslip, which results in poor lateral 
controllability when the pilot attempts to control the airplane in the 
normal manner (ref. I3). There was no apparent power effect on Cj . 

The derivative Cy^ conforms generally with the trends for (V.. 

Figure 14 also shows a gradual deterioration of the dampin«-in-yaw 
derivative ^Cnr - as Mach number Increases. 

The control derivatives C^, C^, C^, and Cj. in figure I7 

are also characterized by peak magnitudes in the transonic range and 
declining trends with increasing Mach number with little, if any, effect 
of angle of attack or engine power. Subsequent data not included in the 

pl<rts 8how> ft8 f°r Cnp, that the downward trend in the curve tends 

to level off in the higher Mach number range rather than to continue in 
the direction indicated by the data from the interim-engine flights. 
The derivative C^, similar to 0^, reverses signât M*2.3. This 

effect is attributed to an increasing effectiveness of the lower- 
vertical-tai! surface at positive angles of attack and high Mach numbers 

M« 14 and 18 the Prlnary factor necessitating the addition of the 
yar crossover signal in the stability augmentation system (see 

AIRPLANE section). 

Wind-tunnel predictions.- Figures I5, l6, and l8 to 21 present 
comparisons of the flight-determined derivatives with wind-tunnel data. 
Where the wind-tunnel data indicated a possible sensitivity to angle of 
attack, various ranges of angle of attack are presented. The method of 
analysis and the type of maneuver analyzed (control pulse or sideslip) 
are indicated in the figures. Figures I5 and l6 for and Cz , 

respectiveiy, generally reveal a sparsity of data at the higher aisles 
of attack where flight responses suitable for derivative analysis were 
usually more difficult to obtain. At low angles of attack and at Mach 
numbers between 1.2 and 1.8, the flight-determined directional-stability 
derivatives are higher than the wind-tunnel prediction by approximately 
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ln i°wever^?bove M = 1.8 the directional stability appears 
to be lower than predicted by as much as 20 to 25 percent. The cause for 
these discrepancies has not been firmly established, but is believed to 
be the result of a reduction in vertical-tail effectiveness dup rmse-tv,! 
to aeroalastlc effect.. Uttle, If disu£ti“^r™i b“"’ 
the results for the dynamic (pulse-type) and steady-state (sideslip) 
maneuvers. The flight results for CZß show a greateTdegree of 

scatter than for C^, but are generally in accord with the wind-tunnel 

vaiues for angles of attack between 0° and 8°. Sparsity of the data at 

ií8th^leS °f Sí*®? precludes correlating flight and wind-tunnel data 
in this area. The damping derivatives in figure 21 also aeree with th« 

auemêntatio reSUitS' althou«h some Points obtained with the stability 
®^“®ntJtion sys^m engaged show appreciable scatter. It should be 7 
noted, however, that the stability-augmentation-system correction (as 
discussed in appendix B) for this derivative is oLn as large or 

uncertainty derivative it8elf “d is, thus, cause for considerable 

The control derivatives from flight and wind-tunnel tests are 
compared in figures 18 and 19. Angler-attack efSs for these deriv- 
tives are not significant; hence, the wind-tunnel curves for onlv th* 

mean angle of attack are sho™. ke flight v^es S) 

show a low trend at Mich numbers greater than 1.6, similar'to that for 
Criß (fig. 15;. The agreement in the results for the lateral-control 

irTthfresults for^C 19 although considerable scatter results for Cn is evident above a Mach number of 2.0. 
cl 

CONCLUSIONS 

In the * 1i',estlg>tl0n of x-15 Stability and control derivatives 
1 the ^011 nuI*er 0.6 to 3.4 has revealed the folloSïn^ 

«„s Ï*. ];®vels of longitudlnal and directional static stabllitv 

16^1 wheíSs ^ hlgh f0r angles of up to .. ’ ^n®feas> the longitudinal and directional dynamic stabil-Itv ,.Htio 
the stability augmentation system Inoperative arfïne^îS lo^ 

LrchCSer?rlratlreS Bh0“ a 6radUal ».“le 

Zß* 

«acb b“ÄtrÄra::rX„i:rlng 
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4. Engine power has no discernible effect on the principal 
derivatives. 

5» The wind-tunnel predictions generally agree well with flight 
data, except that the directional stability and control derivatives 
from wind-tunnel tests are 20 to 25 percent high in the low angle-of- 
attack range at Mach numbers greater than 1.8. 

6. The simplified equations derived for the analysis of the X-15 
flight data and the analog techniques employed for reducing the data 
obtained with the stability augmentation system in operation are 
effective in coping with the available data and provide reasonably 
accurate and consistent results. 

7* The stability augmentation system produces small, but 
correctable, increases in the frequency of the transient responses and 
substantial increases in damping. The damping derivatives, therefore, 
are less reliably obtained with the stability augmentation system 
engaged. 

Flight Research Center 
National Aeronautics and Space Administration 

Edwards, Calif., September 20, I96I 
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APPROXIMATE EQUATIONS JOB DETERMINING C^, CIp, and - C^\ 

By Chester H. Wolowlcz 

The familiar atpreasions used to calculate the derivatives (V 

and |cnr - C^) from flight data are considered In order to illustrate 

the X-l^analysls^re^^ved^hieh^in^turn^defi™5 better ^ reUtionship for determination of the dlhrtml SücV q"? '!0nVenle"t 
4ß 

Limitations of Commonly Used Expressions for C^ and ^ - CjA 

£ ÄS—tlties. 

(1 * if Sl” * ^[“n2 * (2H)2 * 2Ç%(fi —9 - Cy ä§)] 
Yß mV/J 

./½ d Vz bí fl?/ 
\Iz " 8 n yÇ °lß " 2V 2?aVi îj(clp + Cip sin aj 

+ K * %)j * =.p(Cnr • S) + g sin 9 

’ % B, KCnr + C!P ï) . g cos 0 _ _ aSb 

(Al) 

A study of this equation shows that when C is fimnn ^ * , 
en °nß is small, that is, of the 

1/ 
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When Cnp is of a higher order than 0.0014, as for the X-15, the 

damping terms in equation (Al) may be ignored and a workable approximate 
equation used. Also, if the angle-of-attack range is restricted so that 

. Iy7 
sin a * a, and if the tern — sin a becomes a negligibly small second- 

order quantity, then 

W 
qSb (A2) 

1 

That Cnp is a function of CZ in equation (A2) does not make ß 
this equation too desirable if Ciß is estimated from wind-tunnel data 

rather than from night data. This is especially true when the vertical 
tail is subject to such factors as jet-exhaust effects and flexibility 

ralue of C!e ~ity' 

The following equation has been used often (ref. 9) to obtain 

-°¾) 

(A3) 

The use 
about 4° 

of equation (A3) is restricted to angles of attack less 
, primarily because of the omission of Ci 

P 

than 

Development of New Expressions for CV am iiß 

Applicable to the X-15 Airplan« 

Where the influences of Ixz and Cnp are negligible, as on the 

reduces1!^116’ ^ yawing-moment e(luatlon for control-fixed conditions 

$ib r " (Cnr " Cnß)2V " Cnßß = 0 (A4) 

4 
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For a transient oscillatory sinusoidal motion, r, r, and ß can 
be replaced by the following expressions 

* - ff] V‘?“',tcos(‘V + *rr) = + f + *d) 

r ■ (t| + *rr) - v'^cos 

ß ‘ff) + «ßrj 
(A5) 

Substituting equation (A5) for f, r, and ß in equation (A4), expanding 
by trigonometric identities, and regrouping 

(-^ C0S ^ + C»s [t] 8lc *ßr)8in “nd‘ 

‘ isb Sl" ®d + (Cnr * Caß)£v + S [vj cos »ßrj008 “ 0 

. (A6J 

The first parenthesized term is a summation of components perpendicular 
to the r vector; the second parenthesized term is a summation of 
components parallel to the r vector. Hence 

IZ I ß I 
- pg % o°S »d + Cnß ^ sln = ° (A?) 

and 

è % sdn % + (Cnr - C^)|f + r^-j C0S = o ß IT) cos V = 0 (A8) 

The phase angle (J>ßr, on the basis of vector diagrams using X-15 

wind-tunnel data, appears to vary from 90° at a = 0° to about 92° at 
a = 1Ö . Also, the damping angle is small. Thus 

(A9) 

tu
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Hence, substituting equation (A9) into equations (A?) and (a8) 

Cno ^ iL Ll.L 
ß 5Sb J ß I (AlO) 

and 

(cnr - S) * - r î% + Cap p-J cos *pr (All) 

Because ®ßr will vary only a small amount from 90°, as mentioned 

previously, more error will be introduced in equation (All) by attempting 
to use values of $ßr as determined frcm flight data than will be g 

present by omitting the expression Ui cos *ßr. The quality of the 

flight data precludes the successful determination of ißr to better 

than about 4° or 5°. Hence, the more practical consideration of 
equation (All) would be to reduce it to 

(Cnr “ Cn¿) -H 
iz 

(Iv)^ 
(A12) 

The elimination of the C,^ term in equation (All) to form equation (A12) 

results in slightly larger negative values of ^ - Cnl) than if the 

tenn had been retained and accurate values of *ßr couldbe determined. 

(A3Vî?n0t be used at an«les of attack above about 4°, 
equation (A12) is workable up to angles of attack of approximately 12°. 

Development of an Approximate Expression for 

Simplified expressions for determining 

used have not been developed successfully, 
the influence of lyp is negligible, it is 

equations (A2) and (A10) to obtain 

CZß that can be generally 

However, for the X-15 where 
possible to combine 

1 W'llrll _ 
(A13) 

This equation is limited in its application in that it should not be 
e w en Cn^ is small, as noted in the discussion of equation (A2); 
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»Iso, it generally may not be satisfactory when the angle of attack is 

less than about 4°. At angles of attack less than about 4% (-¿I -L 

may approach 1.0, and the error In reading j-ïJ --- - ^ 

may result in an error in LU ... Ie 
J ß I __ 

the parenthesized quantity. Also «+ 1/v. , 
error in the flicht-determine ^ l0w ang^es of attack, the 
in the eguatiS. Is « °f “ CSn ^ errors 
indeterminant form. ?P h Zero, e^uation (AI3) approaches an 

from the flight records 

which may exceed the net magnitude of 

1 

> 

SB CVj cvj co 
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APPENDIX B 

CORRECTIONS POR THE EFFECTS OF THE STABILITY AUGMENTATION SYSTEM IN THE 

DETERMINATION OF STABILITY DERIVATIVES FROM FLIGHT DATA 

c. . flight-motion parameters needed to calculate the 
tic and dynamic stability derivatives from flight data are the 

undamped natural frequency a* and the damping pframeîeî When 

With the stabllity augmentation system engaged, 
the resulting period, as well as the time to damp to one-half amplitude 

ino^rfíT1*1 dif5erent than ^th the ability augmentation system ' 
inoperative, as shown in figures 2k and 25. The primary difference in 

aÏLS?8 18 a+ttribUted t0 time la«s and nonlinearities in tíe 
augmentation system and not to an increased damping ratio t- in fact 

direction^111 dUe t0 the SyStein -8PonsePiTin the o^sïte ' 
direction from that caused by an increase in damping ratio. For 
exanple, In figures 24 and 25 the SAS-on period LlhSîer C the 

thfñ th îh0Ugh the ratio with the SAS on is larger 
than the SAS-off damping ratio. The relationship of period to the 8 
undamped natural frequency and the damping ratio is 

2« 

<°n/l - Ç2 
(Bl) 

From this equation it is evident that for a constant undamped natural 
q cy ojjj, an increase in Ç will give a longer period, rather 

* f?*?r P®riod as sbown m figures 2k and 25. To satisfy 
equation (Bl), therefore, the undamped natural frequency must have 
changed when the stability augmentation system waTe^eT 

The differences in a* and ^ for the stability augmentation 

system engaged and disengaged are demonstrated qualitatively in the 

T1.1011 by eXPanding the characteristic equation for the 
longitudinal short-period mode with the stability-augmentation-svstem 

lag" The lonStn^PPrXlrted ^ °f & Simple first-order time 
redices to a^î^? , USed f°r this illustration since it 
reduces to a simpler expression than the lateral-directional mode- 

ac“X;JÎLeffeSVS Sl"llar- FoUouln8 thIS lustration, S’ 
SSs is d“ad! 00rr<Kt f0r the ^»ili^ugmentatlon-aystem 
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The Longitudinal Short-Period Mode 

The Laplace transformed two-degree-of-freedom longitudinal 

fïight°^th areti0n ^ & rÍgÍd aircraft Perturbating about a mean 

[s + [-lijáis) =MBh&h(8) (32) 

[-ljq(s) + |s - = Z6h6h(s) (B3) 

firR+nnJil0^C0nîr01 lnput' the transfer function for a damper with a first-order time lag may be expressed as 

Ms) _ K 
ï(s) = 1 + rs (B4) 

^ K(1 - ts) (B5) 

(B5) lnt0 e4Uati0nS (B^, anä '*3) ^ the 

|(l + MbhKT)S + (-1¾ - H^k)! 

[NKt)s + (-1 - (0 - Z*) 

= 0 (b6) 

“ÎS ÄilSl(Se8iVM the 0haraCt'rl6tlC '^tio„ of the 

2 1 / 

S + 1 + %hKr 1-¾ - ^ * M6hK " ^M&h^ + ^Bh^)8 

1 / 

1 + i%hKT + + ZaMM - %Z&hK) = 0 (BT) 

and thffiít firSt,thf!e temS °f the first Parenthesized quantity 
first term in the second parenthesized quantity of equation (B?) 
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giveifty11*10^ f0r the X’15* The fre<luency and damping are then 

1^1 

1 + ^hKT B 1 ■ |M5hKT| 

' 
mZci ~ ^ - MshK jza + Mq + ifehKl 

1 + MBhKT “ 1 - l ife. Kt I M6.KT 

(B8) 

(B9) 

With the pitch damper off (K = 0), , %e and - Ç0. with the 

pitch damper on (K > 0), it can be seen from equations (b8) and (B9) 
that cV and particularly (due to the V texm in the 

numerator will be greater than and respectively. Therefore, 

bîenIÜUî8 0f tf1?8 fro? f11^ ^t te corrected before they can 
be used in equations (2) and (3) to determine and (C^Vc^)! 

.if ^re a first-order linear system, a fairly simule 
wtlytical correction to and o^ld’b. 

nmiîîÜ* îï the X'15 U «PProxlaately fifti. order and aleo very 
“>1r1C*1 corr«etl0” »Woh might be derlvSi for 

tni!Jy8tem 0uld be comPlex* Therefore, the following semienrairicai 
method was devised for correcting o^’ 'and 8emleinplrical 

X-l*5 ^tÏÂi15 flíed'baJ8e simulator, which employs a duplicate of the 
foinfl îî^01*?781*"1 ftnd 8tability augmentation system (ref. 15), was 
f^î?rtbe îhC m0Bt, convenient and accurate means for obtainini 

ns 0 ^0 and Çg'œjjg'. Correction factors F]_ and F2 
were determined for each flight value of o^g' and c%g', 

conStiín!1^ ÏLre?r0?UÎinS a8 Cl08ely as p088ible the actual flight 
of a^oíiJLw tn ^ a?d by performin« two longitudinal pulses 
systM oÏÎÏmÎÏ 8ame magnitude, one with the stability augmentation 

the 8ame 8ain as in flight and the other with the 

thî òíwh^Ír %*' /r0? the ^1°8 îlme »l.torl.8 of _ I ^888 (fig* 2k) the SAS-off natural frequency cu^ and damping 

^n© and the SAS-on frequency ^ and damping were 

follows1 and applied 88 oorrection8 to the flight SAS-on data as 

'■t) 

% Fl(“ne ’) 

teñid 

>9\e' 2 "T ’0 

5“n ' Ï£ (t9 '“ne ) 

(BIO) 

(Bll) 
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Figure 26 shows the effect of this correction as applied to the 
derivatives C% and (c^ + C^j. 

Dutch Roll Mode 

corrections for stability-augmentation-system effects 

for^the i?1SLUSSed ln the PreCedin« Section are squired 
rolí\ mode- analytical explanation of the nature of 

this correction, therefore, is not repeated. 

In general, the same empirical method was used for the Dutch roll 

ulate Cup and CZß (eqs. (5) and (8)) both use the parameter 

jjj which must also be corrected for stability-augmentation-system 

effects. Corrections to as well as to o^' and 

foïÎowstained frQm anal0g time hi8tories 25) and applied as 

/ 
Fk-M±. 

v"(BW 

figure 27 shows the effect of this correction on the tenss C^, CIß, 

0 

« 

i 

) 

CD
 r

o 
ro
 w

 



W
 
CM 

OJ C
O
 

I 

31 

REFERENCES 

1* Revl8f Aerodynamic Characteristics of the X-15 Research 
A rplane. Rep. NA-59-1203, (Contract AF 33(600)-31693), North 
American Aviation, Inc., Aug. 7, 1959, 

2. Hassell, James L., Jr., and Hewes, Donald E.: Investigation of th. 
Subsonic Stability and Control ¿haracterlstlcí of a l/Saí 

Fuselage ÄS“ ^ “ 

3‘ "grsHÄ’Ä- fpeSSÄe 
X-15 Research Airplane. NACA RM A58K)9, 1¾. 

4. Driver, Cornelius: Effect of Forebody strakes on the Aerodvnamle 
Characteristics In Pitch and Sideslip of a Hypersonic Airplane 

0f 2'01> “ä 6-86. NASA 

5‘ StobímvJñ''ndon ^ statl<: “d Dynamic- Rotary Stability Derivatives of a Model of the X-15 Research 
Mrplane at Mach Numbers From 1.55 to 3-50. NASA Memo I2-23-58A, 

6. Franklin, Arthur E., and Lust, Robert M.: Investigation or 
Aerodynamic Characteristics of a 0.067-Scale Model of the X-15 

3) at ^61-8 0f 2'29' 8>98. »4 4.65. 

7‘ y ía1?1 of SuI>ersonI,: Force Tests on the Full-Span 
Model X-15 for North American Aviation, Inc. WTR 228 M I 
Naval Supersonic Lab., Nov. 1958. 1 M.I.T. 

8‘ “wodel Î ^ ?!í!8,0f ?UI*rsonlc Force Tests on the Full-Sjan 
í X™15 i 0 NOrth Aviation, Incorporated. WTR 23^ 

M.I.T. Naval Supersonic Lab., Dec. I958. ^ 

9. Wolowicz, Chester H., and Holleman, Euclid C.: Stability- 
Derivative Determination From Flight Data. AGARD Rep. No. 224, 

10‘ and RedieSS^ Herman A*: Flight-Detemined 
Stability and Control Derivatives of a Supersonic Airplane With 

ow-Aspect-Ratio Unswept Wing and a Tee-Tail. NASA 
Memo 2-2-59H, I959. AbA 



32 

11. Triplett, William C., Brown, Stuart C., 
Dynamic-Response Characteristics of a 
Determined From Flight Measurements. 

and Smith, G. Allan: The 
35° Swept-Wing Airplane as 
NACA Rep. 1250, I955. 

12* M0Ui' *rtin and ^^son, John W.: Dynamic Lateral Behavior 
of High-Performance Aircraft. NACA RM L58EI6, 1958. 

!3. Taylor, Lawrence W., Jr.: Analysis of a Pilot-Airplane Lateral 
Instability Experienced With the X-I5 Airplane. NASA TN D-IO59, 

14. Walher, Harold J., and Wolowicz, Chester H.: Theoretical Stability 
Derivatives for the X-I5 Research Airplane at Supersonic and 

NSArTMnxC287eeÍ^ínClUdÍnS a Comparison With Wind-Tunnel Results. 

15. Hughes, R. 0., Weis, J. P., and Hoffman, D. P.: 
of the X-15 Research Airplane in Unlimited Six 
Rep. NA 60-437, North American Aviation, Inc., 

Flight Simulation 
Degrees of Freedom. 
July 5, i960. 

# 

\ 

r 
6 

« 
1 

o 

K
 
CVJ 

OJ C
O
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Wing: 
Airfoil lection.. . . . . 
Total area (Include* 94.98 iq ft covered by 

fuselage), sq ft . 
Span, ft. 
Mean aerodynamic chord, ft. 
Root chord, ft . 
Tip chord, ft. 
Taper ratio . 
Aspect ratio . 
Sweep at 25-percent chord line, deg .... 
Incidence, deg ••••• . .... 
Dihedral, deg . 
Aerodynamic twist, deg . 
nap - 
Type. 
Area (each), sq ft . 
Span (each), ft . 
Inboard chord, ft . 
Outboard chord, ft . 
Deflection, w down, deg. 
Ratio flap chord to wing chord. 
Ratio total flap area to wing area • • • 
Ratio flap span to wing semispan • • • . 
Traillng-edge angle, deg . 
Sweeptoack angle of hinge line, deg . . . 

HACA 66005 (Modified) 

. 200 

. . 22.^6 

. 10.27 

. 14.91 

. 2.98 

. 0.20 

. 2.5O 

. 25.64 

. 0 

. 0 

. 0 

. Plain 

. 8.30 

. 4.50 

. 2.61 

. I.08 

. 40 

. 0.22 

. O.O8 

. 0.40 

. 5.67 

. 0 

Horizontal tall: 
Airfoil section . 
Total area (includes 63.29 sq ft covered by 

fuselage), sq ft . 
Span, ft. 
Mean aerodynamic chord, ft ....!!!! 
Root cfeord, ft. 
Tip chord, ft.; ; ; ; 
Taper ratio.! ! ! ! 
Aspect ratio.! ! ! ! 
Sweep at 25-percent chord line, deg . . ! ! 
Dihedral, deg . 
Ratio horizontal-tail area to wing area ! ! 
Movable-surface area, sq ft . 
Deflection - 

HACA 66OO5 (Modified) 

. II5.34 

. I8.08 

. 7.O5 

. 10.22 

. 2.11 

. 0.21 

. 2.83 

. 45 

.15 

. O.58 

. 5I.77 

Longitudinal, up, deg. 1- 
Longitudinal, down, deg . !!!!!!**' « 
lateral differential (pilot authority), deg . | ‘ ‘ «« 
lateral differential (autopilot authority), deg..*!!!! ±30 

Control system . Irreversible hydraulic boost with artificial feel 
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TABU 1.. PHYSICAL CHARACTERISTICS OP THE X-1J AIRPLANE (Concluied) 

Upper vertical tail: 
Airfoil section. i«« .4 , 
Total area, ea ft. .. yedge 
span, ft ...; ;;;;;; • ... 

Mean aerodynamic choid,’ ft* .*!.*.’.'!!!! !. 
Root chord, ft. . ö*95 
Tip chord, ft.! ! ! ! !.10’ífJ 
Thper ratio.. 
Aapect ratio.!!!!!*. 0*^ 
Sweep at 25-percent chord line, deg !!!!.’.*!! !. 
Ratio vertical-tail area to wing area. . rÜ 
Movable-surface area, sq ft. . 
Deflection, de« . . . 7.... 
Sveepback of hinge line, deg .±T,59 

Control systen.Irreversible hydriulic boost iith‘artificial feel 

Lover vertical tall: 
Airfoil section .. m* 4 , 
Total area, so ft .10 ,la8le ***«« 
Span, tt? !\ .. 

Mean aerodynMdc chord,* it* .* .* .* .* ! !. 3.83 
Root chord, ft. . 
Tip chord, ft.. ) | *.. 
Taper ratio.. *. ® 
Aspect ratio . !!!!!!! . 
Sweep at 25-percent chord line, deg ! ..! . ! .«J*?.3 

Ratio vertical-tail area to wing area. .2X 
Movable-surface area, sq ft. .•.« ü 
Deflection, deg... 
Sweepback of hinge line, deg* i !!!.*! .'i ..^5° 

Control systen.Irreversible hydraulic boost with artificial feel 

Fuselage: 
Length, ft. 
Maximum width, ft.! ! ! ! !.50.75 
Maximum depth, ft.  I’P 
Maximum depth over canopy, ft..* * , *2 
Side .n. (toUl), ^ ft.; ; ;. 
Fineness ratio . . 215.66 

. 10.91 

Speed brake (typical for each of four) • 
Area (each), sq ft . 
Span (each), ft.] ] *. 5*57 
Chord (each), ft.•'!!!!!. 

. 35 

Center-of-gravity location, percent mean aerodynamic chord . 

Weight, lb. launch 
. 33,500 

. 22 11 
landing 
14,600 
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TABLE III— BASIC DATA FOR THE LONGITUDINAL MANEUVERS 

A 
i\ 
c 

gains corresponding to various knob settings are shown in table II. 
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« 

5 
J 

1 

'■First digit Indicates airplane by number (X-15-l or X-15-2), second indicates free- 
flight number of the particular airplane, third indicates total airborne X-15/B-52 flights 
for that airplane. 

2 
‘Numbers given for SAS gain setting are damper-gain knob positions of the pitch, roll, 

and yav, respectively. The yar gain is connected to the roll-damper gain knob. Damper 
gains corresponding to various knob settings are shown in table II. 

t 
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'*18.08 

Figure 1.- Three-view drawing of the X-15 airplane. All dimensions 
in feet. 
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Figure 15.- Comparison of flight-determined directional-stability 

derivatives vith wind-tunnel predictions. 
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Fif^ f-: Time histories of longitudinal pulses performed on the 
disengaged^ Stability mentation system engaged and 
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