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INTRODUCTION

This document is a compilation of the papers presented at the
Conference on Progress of the X-15 Project held at the IAS Building,
Los Angeles, California, July 28-30, 1958. This conference was
held by the Research Airplane Committee of the U. S. Air Force, the
U. S. Navy, and the National Advisory Committee for Aeronautics to
report on the technical status of this research airplane. The papers
were presented by members of the staffs of North American Aviation, Inc.;
Reaction Motors Division, Thiokol Chemical Corp.; Naval Air Development
Center; Wright Air Development Center; Air Force Flight Test Center;
and National Advisory Committee for Aeronautics.
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X-15 RESEARCH ATIRPLANE DEVELOPMENT STATUS
Bye . teasEreane

North American Aviation, Inc.
INTRODUCTION

In the summary paper of the October 1956 conference on the X-15 air-
plane, it was remarked that "one of the primary reasons for the (X-15)
project is to stimulate research." The fact is that much research
development has been stimulated, and the purpose of this conference is
to present the most pertinent results of the effort which the NACA, NAA,
and the military services have Jjointly put into the project. It would
be extremely presumptuous, however, to attempt at this time to summarize
the information to be presented in this conference, especially since the
individual authors, themselves, have only enough time to "skim off the
cream" of the effort which is being reported upon.

Therefore, the purpose of this paper is to try to bridge the gap
between the October 1956 conference and the material to be presented in
this conference, and to try to orient the various papers to represent
a complete research system.

DISCUSSION

To begin with, the October 1956 conference pointed up certain
problem areas concerning static and dynamic stability, flutter, aero-
dynamic heating, materials, structural design and operational usage.
Static and dynamic stability about all axes left something to be desired;
a relatively new method of analysis through dynamic simulation had been
initiated with three-degree-of-freedom solutions and some mechanization
to approximate five or six degrees of freedom, but not much assurance was
given for the success of this program; flutter phenomena at Mach 3 and
above were almost completely unknown and were also subject to the new
influences of aerodynamic heating; aerodynamic heating, itself, was beset
by inconclusive theories and very little applicable experimental data;
some materials had been selected but processing was vague, and although
the structural design had progressed well, not more than a handful of
samples had been tested; ideas and concepts had been proposed for pilot
utilization and survival but deep concern was evident regarding the finsal
outcome.

——
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Today, it can be positively said that through the efforts of all
concerned, the development of the X-15 research system has been success-
fully completed.

Figure 1 represents an inflight view of the airplane as it is now
being fabricated in preparation for its final role of flight research
which is scheduled to begin in about seven months.

Figure 2 shows a three-view and design brief of the X-15 with its
pertinent dimensions and performance. It is to be recalled that the
specific design requirements for the airplane were as follows:

(1) To achieve 6,600 feet per second maximum velocity
(2) To be capable of flying to at least 250,000 feet

(3) To have representative areas of the primary structure experi-
ence temperatures of 1,200° F

(4) To have some portions of these representative structures
achieve heating rates of 30 Btu per square foot per second

It was intended that designing the airplane to these requirements would
provide a manned vehicle which would be capable of exploring the space-
flight problems.

The design values for the weight of the X-15 are launching weight
of 31,275 pounds and burnout weight of 12,971 pounds, with a usable
propellant weight of 18,304 pounds.

The design load factor for the airplane is 7.33% at weights, Mach
numbers, and temperatures commensurate with the design missions.

A detailed review of the weight breakdown and the load criteria
for the airplane is to be presented in another paper.

The final configuration of the airplane (configuration 3) shown here
is compared with the configuration which was presented in the October 1956
conference (configuration 2) in figure 3. Throughout this conference,
reference will be made to configuration 2 as the 1956 configuration and
configuration 3 as the final one. The changes are summarized as follows:

(1) The side fairings were shortened to improve longitudinal
stability.

(2) The horizontal tail was moved 5.4 inches rearward, although the
original fuselage location of the hinge line was retained. This

-
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modification moved the hinge line from the 37 percent to the 25 percent
mean aerodynamic chord of the exposed horizontal tail. Although flutter
requirements dictated the change, this, combined with a 3.6-inch forward
wing movement and the side-fairing changes, provided adequate longitudinal

stability near zero lift at the maximum Mach number. This low-stability
region was referred to as one of the problem areas at the last conference

(3) The vertical tail area was increased to provide adequate direc-
tional stability with the speed brakes retracted and a 10° full wedge
section was found to be optimum. The plan form was then made nearly
symmetrical for dynamic-stability considerations in the exit phase of
the mission, since thrust asymmetry considerations in the zero to
moderate angle-of-attack range necessitated a reduction in roll due to
yaw .

(4) Thrust asymmetry effects also indicated the need for a low
value of roll-due-to-yaw control in the low angle-of-attack region. For
this purpose, an all-movable directional control was incorporated on the
outer span of both the upper and lower vertical tails. Incorporating
the control in the lower vertical tail was equally necessary for pro-
viding directional control at high angles of attack at high speed because
of the ineffectiveness of the upper surface at these conditions. iFEiSY,
in turn, dictated some added complexity in the damper system. In order
to obtain adequate ground clearance for landing, the lower directional
control panel is jettisoned upon extension of the main landing skids.

(5) In order to avoid compounding flutter problems, the speed brakes
were reduced in size and relocated on the inboard or fixed parts of the
vertircal itails:.

The principal wind-tunnel testing planned for the X-15 has been com-
pleted, and the aerodynamic characteristics have been obtained throughout
the complete Mach number and angle-of-attack range. In general ; all of
the data presented in this conference are either strictly applicable to
this configuration or are distinctly stated otherwise. Specific papers
will be given on all aspects of the aerodynamic characteristics including
a more complete examination of the items discussed in this paper.

The flutter analysis of the various components of the airplane now
shows them to be flutter-free for all design flight regions with more
than adequate margin. This statement can now be made in spite of the
concern that existed in October 1956 about the flutter possibilities at
supersonic speeds. The results of the extensive program conducted to
investigate these phenomena are contained in a specific paper on this
subject.

A major redirection of the program has been concerned with the
carrier airplane for the X-15. In May 1957, the U.S. Air Force requested
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North American Aviation, Inc. to study the feasibility of using a B-52
as the carrier for the X-15 airplane instead of the B-36. NACA studies
of the maintenance and obsolescence aspects of the B-36 and B-52 air-
planes revealed the desirability of changing to a B-52 carrier airplane.
In September 1957, Air Force approval was received for this new effort.
The X-15 will be mounted under the right wing of the B-52 on a pylon
between the fuselage and the inboard engine nacelle as shown in figure 4.
Clearance requirements and fuel plumbing of the X-15 necessitated
elimination of the inboard flaps of the B-52. A large cutout in the
wing trailing edge was also required to accommodate the upper vertical
tail of the X-15 airplane.

The flaps-up take-off ground rolls of the B-52 do not appear to
be of great concern (being about 11,000 feet on a 100° day at Edwards
Air Force Base) and the B-52 has the ultimate structural capability
of carrying approximately 65,000 pounds of weight in this location.
The 31,275-pound X-15 airplane, therefore, does not seriously tax the
B-52 wing structure.

One item which caused considerable concern in the early evaluation
was the fact that in this installation, the pilot could not enter the
X-15 in flight as had been possible in the B-36. This limitation was of
concern from both the fatigue and safety aspects; however, the time from

take-of f of the B-52 to launching of the X-15 is about l% hours, and

considerable effort has been expended in plans for making the pilot
comfortable during this time. In the event of an emergency, the con-
figuration permits the pilot to eject safely while the X-15 and B-52 are
still connected.

Wind-tunnel tests have been conducted to determine the static aero-
dynamic parameters of both the X-15 and the B-52 (and their mutual inter-
ferences), the launching characteristics of the X-15, the flutter char-
acteristics of the B-52 with the X-15 installations, and also the B-52
buffet tendencies. No serious problems are expected in these areas.

The effect of B-52 engine noise on the X-15 structure, however, during
ground run-up and take-off has been shown to be a problem. Empennage
components have failed after 5-minute exposure to simulated B-52 engine
noise, and no solution has been reached as yet. Further discussion of
these subjects are to be given in subsequent papers.

Next, a very superficial examination of some of the subsystems which
make up the air vehicle is appropriate. The inboard profile of the air-
plane is shown in figure 5, wherein the major compartments are denoted.
The intent here is to call attention to areas which will be more com-
pletely discussed in subsequent papers and to show how they compliment
each other. The reaction-control rocket nozzles are located in the nose
for the pitch and yaw attitude control. The reaction controls for roll
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are located in the wing tip. Dual systems have been provided. Another
paper reports on some aspects of the reaction controls and on the
design and operation of the APU (auxiliary power unit).

The pilot's compartment and equipment bay shown in figure 6 are in
a single sealed and insulated compartment, the environmental control of
which warrants some discussion. The pilot has been provided with an
ejection seat which is fin and shock-wave generator stabilized and in
which the pilot is restrained against high load factors at the various
points on his body. He is also provided with a full pressure (MC-2) suit
which affords very good protection, yet imposes minimum restrictions on
pilot mobility. The pilot's working area also has been given careful
design with regard to the primary flight instruments, switches, the aero-
dynamic and reaction controllers, and pilot protection. All major compo-
nents which have a primary effect on the pilot and his performance have
been coordinated into an integrated system which is reported upon in
detail in another paper. Furthermore, the physiological and psychological
aspects which will be investigated in the X-15 program are discussed.

Figure 7 presents a view of the actual forward fuselage as well as
a typical propellant tank which forms the main portion of the center
fuselage. This particular tank will bear considerable scrutiny in papers
dealing with the propellant system, structural design criterion and
testing, material selection, and development of welding techniques, as
well as the forming and manufacturing of the actual tanks.

One of the intricate points in the structural design has been the
attachment of the wing and fuselage, especially since the main spar
attachments have to be made to the integral-tank part of the fuselage.
Figure 8 shows the actual wing in the construction Jjig and shows the
root (A frame) attachments to the fuselage. The leading edges of the
Inconel-X wing can be subjected to 2,100° F (well beyond the design
value of 1,200° F) while nonload-bearing Inconel-X skin panels just
rearward of the leading edge also have been satisfactorily tested to
1,800° F. Also shown in this figure is a panel of the horizontal
stabilizer with instrumentation installed. This surface provides both
a roll and pitch control and is supported by a spindle-type arrangement
which has been the subject of considerable examination of flutter
characteristics.

The engineering design considerations of the hydraulic system
powering the horizontal- and vertical-tail control surfaces, the speed
brakes, and the landing flaps will also be presented.

The rearward fuselage assembly shown in figure 9 provides the basic

structure to which the horizontal tail panels, vertical tail, speed-brake
panels, and main landing skids are attached. Details on the unique
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landing-gear design are included in a paper on that subject. The aft
fuselage also houses the rocket engine. Hydrogen peroxide is stored in
the rearward fuselage compartment to power the rocket-engine turbopump,
through which the desired rocket-engine chamber pressure is to be
achieved.

An important redirection of the X-15 program in recent months is
concerned with the status of the XIR99 engine, which will be completely
discussed in a separate paper. It is important to point out at this
time that difficulties have been encountered in the development in the
XLR99 thrust chamber. As a result of the associated delay, first flights
of the Number 1 and Number 2 airplanes will be made with the interim
engine (fig. 2) installation of two Reaction Motors XLR1l-5 engines.

The total of eight thrust chambers per airplane will deliver a thrust at
40,000 feet of 16,380 pounds.

The speed-altitude envelope of the X-15 when powered in its interim
configuration by two Reaction Motors XLR11-5 engines is shown in fig-
ure 10. It will be noted that a maximum Mach number of approximately 4.0
can be achieved at approximately 100,000 feet. Maximum altitudes of
around 180,000 feet can be achieved during the coasting phase of the
flight testing.

The schedules of the phase of responsibility for the airplane
assumed by North American Aviation, Inc. are shown in figure 1l. The
contract was initiated in December 1955, and a 2-year basic design
period was spent prior to engineering release in December 1957. The
major fabrication period has taken a 9-month period up to the present
date. Approximately 3 months are expected to be required to make the
major subassemblies and install the necessary equipment.

The airplane is scheduled to be delivered to the flight tests
activity fully instrumented and put into test by November of this year
for a 3-month period of instrumentation checkout, calibration ground
testing, and captive flight tests of the various subsystems. Contractor
type flight testing with the two RMI XLR11l-5 engines is scheduled to
start next February for an approximate 7 month period, after which
installation of the XLR99 will be made. The second and third airplanes
will be available at approximately the same time as the Number 1 air-
plane with the XIR99 engine. It is intended that the third vehicle will
be delivered with the XLR99 engine installed.

In the discussion thus far, the individual subsystems which go
together to make the research vehicle have been reviewed. Attention is
now directed to the broad aspects of the whole research system which
the NACA will ultimately operate. This system includes the carrier, the
air vehicle, the support, and the research instrumentation.
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The general features of the flight profiles of the airplane and
the range through which the airplane is designed to fly are shown in
figure 12. The B-52 carrier will operate out of Edwards Air Force Base
and will fly to a drop area near Wendover, Utah, depending on the
mission.

The airplane will be tracked by radar stations located at Ely and
Beatty, Nevada, and at the NACA High-Speed Flight Station at Edwards.
The details of this tracking range, called "High Range," are covered
in another paper.

On the maximum performance missions, the airplane would be launched
approximately midway between Wendover, Utah, and the Ely station. The
X-15 will "light up" at an altitude of approximately 35,000 feet and a
Mach number of 0.75. During the 88 second thrusting phase of the X-15
flight, the airplane will be accelerated to a velocity of 6,340 feet per
second for the design altitude mission and 6,600 feet per second for the
design speed mission. In the zero-lift coast after burnout, the airplane
will reach a peak altitude of 250,000 feet on the altitude mission and
130,000 feet on the speed mission. Reentry into the atmosphere can be
accomplished at altitudes as high as 115,000 feet by use of maximum
available airplane 1lift. When the airplane is deliberately permitted to
fall further into the atmosphere, a T7.33g pull-out at a dynamic pressure
of #2560 lb/sq ft could be experienced at an altitude as low as
65,000 feet. The time at which these recoveries are made is approxi-
mately 300 seconds after launch. Total free-flight time of the X-15
will be approximately 25 minutes with a maximum range of 400 nautical
miles.

The performance and operational aspects of the stable platform
system which will provide the pilot with inertial velocity, altitude,
and angular information, as well as other aspects of the instrumentation,
are to be discussed separately.

The techniques and characteristics associated with the landing
phase of the flight are also to be presented in another paper.

The numbers quoted herein have represented values for the missions
which were defined to give the contractor a firm basis for the design.
They were intended to be typical, but it must be realized that there
are numerous alternate missions which may and will be flown. Since the
design and development phase of this program is now complete, the con-
tractor and the staff of the NACA High-Speed Flight Station are engaged
in analyses of various types of alternate missions. The contractor's
part of this program is to evaluate the many possible missions in the
light of the air vehicle's ability to operate under the prescribed
environment.
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Perhaps the most serious unknown area reported in the October 1956
conference was in the field of aerodynamic heating. However, much
progress has been made in the specific X-15 model testing with the
l/l5-scale heat-transfer pressure distribution model shown in figure 13.
Heat-transfer data have been obtained in the Langley Unitary Plan wind
tunnel at Mach numbers of 2.88 and 4.65 and recently in the Arnold
Engineering Development Center B-minor wind tunnel at a Mach number of
7.0. The AEDC installation is shown in figure 13. It will be noted
that the model is initially surrounded by "shoes" to keep it cool until
the tunnel flow is established. The shoes are then retracted, and the
model is exposed to large differential temperatures whereby potentially
more accurate heat-transfer data are available.

Because so much was to be learned, it is not surprising that there
are still some inconclusive concepts in this field. Papers will be
presented on the correlation of theory and experiment and on the effects
of experimental results on the anticipated skin temperatures of the
actual air vehicle. It will be one of the primary objectives of the
flight research program to obtain correlation with these data. There-
fore, the contractor's present program has now been directed to the
evaluation of the limiting temperature conditions to be expected in
off-design missions.

As time has progressed during the design of the X-15, analog simu-
lators with varying degrees of sophistication have been used to evaluate
the airplane (fig. 14). Currently full six-degree-of -freedom simulators
are being used at Langley, Johnsville, and Los Angeles. With the excep-
tion of the incorporation of the centrifuge in the Johnsville installa-
tion, these simulators differ only in the speed range covered.

Actual pilot instruments and controllers, actual primary flight
control hardware, and the very latest aerodynamic parameters are incor-
porated. The Los Angeles installation can give speed simulation from
launch to landing. The capability of the entire simulator has recently
been expanded to include airplane skin-temperature prediction from
approximately 15 critical locations on the airplane.

The load factors to which the pilot will be subjected have been of
great interest as regards whether or not thg axial acceleration combined
with, say, 7.33g normal acceleration will impose additional limitations
on the operational flight envelope. Centrifuge testing at the Johnsville
facility has shown that no additional limits are imposed. This tool
is now being used to obtain an allowable flight operating envelope where
all the transient parameters are taken into account. North American
Aviation, Inc. considers the establishment of such an envelope to be
their obligation to the USAF and NACA so that the X-15 can really be used
to explore space quickly and safely.
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The operating flight envelope of the X-15 airplane with full burning
is shown in figure 15. The envelope is limited by the basic structural
design dynamic pressure of 2,500 lb/sq £t (Lt dlsemedified ataaiitiitudes
lower than 3%0,000 feet to 1,600 1lb/sq ft for maximum structural maneuvers.
The shaded area of the curve represents the attainable combinations of
speed and altitude for 88 seconds of burning at full thrust. The left-
hand side of the shaded area has been established as the speed and alti-
tude combination encountered in the thrusting phase of a vertical ascent
mission. The coasting speeds after burnout, at approximately
250,000 feet, are shown in the upper part of the curve. Flights into the
unshaded "island" at low dynamic pressures have not been defined as yet,
but these will primarily be determined by coasting after partial throttle
or short burning times.

This figure indicates that altitudes as high as 700,000 feet can be
accomplished for the design weight and engine performance conditions.
The peak altitude of practical importance is approximately 600,000 feet,
being primarily influenced by the dynamic stability characteristics at
high angles of attack, the heating rates and structural temperatures,
and the pilot tolerance of the sustained load factors imposed.

Pertinent aerodynamic stability and heating data have been obtained
at Mach number 6.86 up to angles of attack of only 20°, and estimates have
been made up to angles of attack of 35°. Another model has been fabricated
for the purpose of evaluating the estimates. This model should provide
test data from 30° to 55°. These data will be used to formulate a more
exact estimation of the maximum permissible altitude.

These studies are providing a definition of the flight regimes where
the handling qualities and structural temperatures of the airplane can be
described as satisfactory for flight research. In the last paper of the
conference, the "Flight Research Objectives of the X-15 Airplane" will be
described, indicating how the airplane will actually be put into the NACA
flight test program, the research goals, and how they will be achieved.

The X-15 research vehicle has progressed through a 2% year develop-

ment period. A tremendous amount of experience has been obtained in
hypersonic aerodynamics, in structural design at elevated temperatures
and also in material fabrication for these temperatures. On the basis of
this experience, it appears that:

(1) The design velocity of 6,600 feet per second can be achieved,
although success in this area will be largely determined by the accel-
erated development work that is now being conducted with the XLR99

engine.
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(2) Predicted airplane handling qualities or skin temperatures are
not expected to limit the achievement of the maximum speed capability
of the airplane.

(3) The design altitude of 250,000 feet can easily be attained.

(4) The structure can be heated to the desired temperature of
1,200o F without significant structural distortion and a heating rate
of 30 Btu per square foot per second can be tolerated.

As a result of these conclusions, it has been mutually agreed by
all concerned that the X-15 air vehicle can be successfully used to
extend our manned flight experience to approximately Mach number 7.0 in
the near future. As in the past, studies are being conducted to explore
the possibilities of extending the X-15 research capability beyond that
point.



X-15 RESEARCH AIRPLANE

Figure 1

THREE VIEW

Flv 7 PERFORMANCE - MAX VELOCITY 6,600 FT/SEC

DESIGN ALTITUDE 250,000 FT
LANDING SPEED 164 KTS

POWER PLANT RMI- INTERIM (TWOXLR}5)
MAX THRUST 16,380
] BASIC (X LROS-RMT)

MAX THRUST 37,000

50FT MIN THRUST 17,000
WING - AREA 200 SQFT

SWEEP /4 25 DEGREES
THICKNESS 5 PERCENT

ASPECT RATIO 2.5
WEIGHT - LAUNCHING 3127518
BURN-OUT 12,971 LB
PROPELLANT (USABLE) 18,304 LB

Figure 2
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SHETTT

REVISED CONFIGURATION

7 ® LONGITUDINAL

MOVED WING FORWARD 3.64 IN.
MOVED TAIL REARWARD 6.4 IN.
SHORTENED SIDE FAIRINGS

e [ ATERAL- DIRECTIONAL
VERTICAL TAIL MADE NEARLY

SYMMETRICAL
ARy VERTICAL AIRFOIL SECTION
= al MADE A 10° SINGLE WEDGE
| DIRECTIONAL CONTROLS LOCATED

ON UPPER AND LOWER VERTICALS

SPEED BRAKES RELOCATED
IN FIXED VERTICAL TAILS

---- CONFIGURATION 2
— CONFIGURATION 3

Figure 3

X-15/B-52 INSTALLATION




INBOARD PROFILE
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Figure 5

PILOT CON?IDERATIONS
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Figure 6
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Figure 7

HOR STABILIZER AND WING




Figure 9

SPEED-ALTITUDE ENVELOPE

TWO RMI-XLR 11-5 ENGINES
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Figure 11

X-15 RESEARCH SYSTEM
TYPICAL MISSION
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Figure 12

P




FLIGHT SIMULATION
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FLIGHT ENVELOPE
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HIGH-SPEED STATIC STABILITY CHARACTERISTICS
OF THE X-15 AIRPIANE

By Jim A. Penland and David E. Fetterman, Jr.

NACA Langley Aeronautical Laboratory
INTRODUCTION

At the time of the last conference on the X-15 Project in 1956,
the configuration had been found to be aerodynamically deficient in
several important regions. Both the longitudinal and directional sta-
bility were inadequate in the high Mach number region. The directional
control parameter Cn8v approached zero at 20° angle of attack, an

angle well within the contemplated flight attitude regime. The roll
due to sideslip CZB and the roll due to yaw control CIBV were large

at near-zero angles of attack due to vertical-tail geometry. This con-
figuration, which was designated configuration 2, 1s shown on the left
of figure 1. Since the 1956 conference, the configuration has gone
through a series of changes and appears as configuration 3 on the right
of this figure.

SYMBOLS
C pltching-moment coefficient about center of gravity,
Pitching moment
gSc
Cy yawing-moment coefficient about center of gravity,
Yawing moment
qSb
Cy rolling-moment coefficient about center of gravity,
Rolling moment
aSb
G 1ift coefficient, Lift
qsS
3C,,
i rate of change of pitching moment with 1ift coefficient
L

o




3y,
Cp = —
B oB
oC
1
G = =L
s T 3B
ok
"3v 0By
)
o %y
nsh' - aSh‘
c )
lsh' 38y
a angle of attack, deg
a, angle of attack at trim, deg
trim
B angle of sideslip, deg
dh horizontal-tail deflection, deg
&y differential horizontal-tail deflection, deg
By vertical-tail deflection, deg
By, speed-brake deflection, deg
S wing area
é mean aerodynamic chord of wing
b wing span
q free-stream dynamic pressure
M free-stream Mach number
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CONFIGURATION CHANGES

Details of the two configurations of the X-15 alrplane are shown
in figure 2, where configuration 2 is represented by the dashed lines
and configuration 3 by the solid lines. The configuration changes that
directly contribute to the variation of the longitudinal stability char-
acteristics are the reduced length of the side failrings, the forward
shift of the wing, the rearward shift of the horizontal tail, the
increased size of the vertical tails, and the 10-inch forward shift of

the center of gravity.

Changes that affect the lateral-directional stability character-
istics are the increased area of the vertical tails from 50 square feet
to 75 square feet, the use of full 10° included-angle wedge airfoils
for the vertical tails in place of the double-wedge airfoils, and redis-
tribution of the area to 55 percent for the dorsal fin and 45 percent
for the ventral fin instead of the original T3 percent and 27 percent,
respectively, on configuration 2. The selection of these particular
tail areas and wedge airfoil sections was made on the basis of obtaining
the needed directional stability with a minimum of weight and a minimum

drag penalty.

In addition to the improved airfoil section and an increase in
area, the directional control was altered by a redesign of the control
surfaces. On configuration 2 only the upper vertical tail was control-
lable, the lower remaining fixed (fig. 2). Directional controls
designed for configuration 3 consist of the outer panels of both upper
and lower vertical tails. The inside portion of each tail is fixed and
supports the speed brakes. These upper and lower controls are nearly
symmetrical and operate together at all times except in landing, at
which time the lower movable control is jettisoned to allow ground
clearance.

LONGITUDINAL STABILITY

One of the major adverse stability characteristics of configura-
tion 2 was the decrease of longitudinal stability with increasing Mach
number. This deficiency is shown in figure 3, where the trim angle of
attack for the exit and approximate reentry conditions and the static
margin BCm/BCL at trim are shown for the design flight Mach number

range. The curves in this figure and all following figures represent
faired experimental data unless otherwise specified. During the exit
or powered part of the X-15 flight after the initial pull-up, it is
proposed that the pilot will attempt to fly at essentially zero angle
of attack. Since the powered phase of the flight will be quite
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complicated from the pilot's standpoint, the airplane should have good
flight characteristics at low angles of attack.

The stability of configuration 2 with zero horizontal-tail and
speed-brake deflection was unsatisfactory since the static margin
decreased to zero at the peak test Mach number of almost 7. Configura-
tion 3% has improved stability throughout the Mach number range as com-
pared with configuration 2 for &y = 0°, but due to the related loss in

horizontal-tail 1ift effectiveness with increasing Mach number, there

is still a gradual decrease in stability in the supersonic speed range.
These data are for a center-of-gravity location at 20 percent of the
mean aerodynamic chord, and therefore show only the effects of the con-
figuration changes. The stability of configuration 2 would appear even
worse with its original center-of-gravity location of 0.25¢. This
improved longitudinal stability of the final design is due primarily to
the decrease in length of the side fairings. This fairing modification
was made possible by a redesign of the plumbing and wiring in and around
the cockpit area.

During the reentry phase of the flight program high angles of
attack will be intentionally encountered; furthermore, during the exit
phase high angles of attack can also be encountered.

Shown also in figure 3 is the stability that might be expected for
configuration 3 at a high angle of attack. The static margin for trim
with a horizontal-tail deflection equal to -20° is shown by the dashed
curve for the speed brakes closed and the dashed-dot curve for the
brakes deflected 35°. The curves of trim angle of attack correspond to
the trimmed stability curves. For the condition of retracted speed
brakes (6b = OO) there is a marked increase in the longitudinal sta-

bility in the high Mach number range with no loss in stability at lower
Mach numbers. For the constant %), = =207t may be seen that the

trim angle of attack, which is relatively constant at high Mach numbers,
decreases considerably at lower Mach numbers. The deflection of the
speed brakes to their maximum of 35° decreases the stability somewhat
at the peak Mach number due to the resulting reduction of the trim angle
of attack, as seen in the upper portion of figure 3.

A more detailed study of the pitching-moment variations with angle
of attack for configuration 3 is shown in figure 4. The pitching
moment C, about 0.20c is plotted against angle of attack o for

various elevator deflections 8, from 0° to -35°. It should be noted

that the stability decreases with increasing Mach number at low values
of o and that the curves become increasingly nonlinear with increasing
Mach number. The marked nonlinearities at the peak Mach number at low
angles of attack are caused by the wing-wake impingement on the horizon-
tal tail and those at moderate angles of attack by the increased
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dynamic-pressure field over the horizontal tail. For a given elevator
deflection, such as by = -20°, the trim angle of attack decreases with

Mach number, being near 23° at M = 6.86 and decreasing to about 0%

at the lower Mach numbers. This airplane has the capability of trimming
at an angle of attack of 32° at the peak Mach number, with the maximum
elevator deflection of -35°.

IATERAL-DIRECTIONAL STABILITY

The effects of the design alterations on the lateral and direc-
tional stability parameters, which are presented in the body-axis system,
will now be discussed. The characteristics of the 1956 configuration 2
are illustrated in figure 5, which presents the directional-stability
parameter CnB and the effective dihedral Clﬁ for the flight Mach

number range. Curves are shown for horizontal-tail deflections of 5
for configuration 2 and 0° and -20° for configuration 3 with the speed
brakes retracted and deflected to 35°. The data presented for configu-
ration 2 are for the upper and lower speed brakes extended 5° and 7.50,
respectively, thereby making the airfoil sections full wedges. This
figure illustrates the insufficient directional stability of configura-
tion 2 at &y = OO, which decreased with increasing Mach number to zero

at.a Mach number of 7, and the large amount of roll due to sideslip, or
positive dihedral effect, which presents a stability problem during the
exit phase, as discussed by Lawrence P. Greene. This lack of direc-
tional stability was caused by insufficient vertical-tail effectiveness,
and the large amount of roll due to sideslip was caused by the nonsym-
metrical area distribution between the upper and lower vertical tails.
Although the actual values of CZB are small, they have been shown by

simulator tests to have an appreciable effect. The curve for configura-
tion 3 shows, as expected, that the directional stability was increased
by the modification in the vertical tail - in fact, at low angles of
attack (that is, where dp = 0°) where the flow fields about the tail
are known, the change in effectiveness is well predicted. Furthermore,
the directional stability improves at high trim angles of attack

(6h = -200) and is further increased by deflecting the speed brakes 35°.

The extension of the speed brakes in effect increases the wedge angle
of the vertical tails and thereby increases their effectiveness.

On the lower portion of figure 5 it may be seen that a reduction
of the dihedral effect CIB at low angles of attack has been accom-

plished, as intended, by the design of the nearly symmetrical vertical
tails. The effective dihedral at zero 1lift has been reduced to small
values throughout the Mach number range, thus satisfying the specifica-
tion of good static stability at low angles of attack during the exit
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phase. As expected, this symmetrical tail arrangement was not without
disadvantages, for at high trim angles of attack the large lower verti-
cal tail operating in the high-dynamic-pressure region behind the bow
shock from the fuselage causes a large and undesirable negative-dihedral
effect (positive ClB) throughout the high-angle-of-attack reentry, and

this condition is further aggravated by deflecting the speed brakes.
DIRECTIONAL CONTROL

The directional control is presented in figure 6. The yaw due to
yaw control is shown at the top of this figure and the roll due to yaw
control at the bottom. Both are plotted against Mach number for
a = 0° and 20° with zero horizontal-tail deflection. The solid line
for configuration 2 on the upper portion of figure 6 shows that it had
adequate directional control at an angle of attack of 0°, but this
decreased greatly at an angle of attack of 20°, as shown by the dashed
line, and approached zero at the peak design Mach number. This was due
to the characteristic loss in effectiveness at high Mach numbers of the
upper vertical tail, the only movable surface, with increasing angle of
attack. The lower portion of figure 6 shows another adverse character-
istic caused by the fact that the upper vertical tail was the only
movable control; that is, the large amount of roll due to yaw control
for configuration 2 at an angle of attack of 0°. This effect is reduced
to small values at an angle of attack of 20°. The curves presented for
configuration 3 with the enlarged symmetrical vertical tails show that
the directional control has been improved, especially at the higher
angles of attack, there now being little difference between results for
angles of attack of 0° and 20° throughout the high speed range. This
is due to the movable lower vertical tail, which increases in effective-
ness with increasing angle of attack at the same time that the upper
vertical tail loses effectiveness. At the bottom of figure 6 is seen
a reduction of the roll due to yaw control to the usual small positive
values at 0° angle of attack which, like the effective dihedral, was
particularly desirable during the exit phase. However, as expected,
the roll due to yaw control increased to large negative values at an
angle of attack of 20°.

The directional control and the effects of the speed brakes at trim
for configuration 3 are presented in figure 7. A comparison of these
data at trim with those in figure 6 shows that the elevator deflection
and speed-brake extension have only a secondary effect on either yaw or
roll due to yaw control. The directional control at trim remains at
essentially the same high level and the roll due to yaw control at high
trim angles of attack shows the same trend as in figure 6, namely, an
excess of roll due to yaw control. This effect is reduced somewhat
with speed-brake deflection. This excess of roll due to yaw control
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presents a problem of stability and control that has been studied on the
flight simulator. These characteristics have been responsible for some
of the complexities of the damper system.

IATERAL CONTROL

The rolling tail effectiveness at trim is shown in figure 8 for

configuration 2 at high Mach numbers for a mean deflection of &y = '

and for configuration 3 throughout the flight Mach number range for
mean deflections of 8y = 0° and -20°. The roll and yaw due to differ-

ential tail deflection are shown plotted against Mach number. There
were no configuration changes made to alter the lateral control, and
therefore little change is seen between configurations 2%ands5.8 The
positive values of Clah' are normal and indicate good effectiveness,

needed particularly for control at the high speeds and high angles of
attack, and at low landing speeds. The small positive values of Cnﬁh'

for a mean deflection of &y = 0° indicate good response and slight

favorable yaw; that is, the plane will yaw in the direction in which it
is being rolled.

The increase of yaw due to lateral control at the higher trim angles

of attack shown on the curve for a mean deflection of &, = -20° again

presents a slight problem, inasmuch as this parameter should be small
for all angles of attack. This increase in yaw due to lateral control
at the higher angles of attack is caused by an increase in pressure on

the side of the vertical tail on which the leading edge of the horizontal

tail is deflected downward and the increase in drag due to this
deflection.

LIFT AND DRAG

Although these several configuration changes have considerable
effect on the stability, they have very little effect on the variation
of lift with angle of attack or with Mach number, and the lift-curve
slopes at a = 0° remain unaltered from configuration 2 to configura-
tion 3. The enlarged wedge-airfoil vertical talls have increased the
overall drag for configuration 3 by about 10 percent, as expected,
throughout the Mach number range.
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CONCLUDING REMARKS

It can be seen that the modifications in the configurations since
the last conference have given the X-15 the desirable static longitudinal
and directional characteristics required at low angles of attack for the
exit phase of the trajectory. Furthermore, at high angles of attack the
latest configuration has good longitudinal characteristics as well as a
reasonable amount of directional stability and control. However, the
large lower tail has caused some undesirable lateral stability and con-
trol characteristics at these high angles of attack. The significance of
these characteristics have been determined by means of flight simulator
tests. The results of some of these simulation tests based on these
data are presented in subsequent papers.
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EFFECTS OF ROCKET JET ON STABILITY AND
CONTROL AT HIGH MACH NUMBERS
By David E. Fetterman, Jr.

NACA Langley Aeronautical Laboratory

INTRODUCTION

Previous investigations have shown that a jet exhausting from the
base of the fuselage may alter the base drag, the afterbody pressure
distribution, and also the aerodynamic characteristics of the test con-
figurations. (For example, see refs. 1 to 5.) The X-15 airplane will
be subjected to these effects, but during the lower altitude portions
of its trajectory the magnitudes of these effects should be relatively
small and no difficulties during this flight regime are anticipated.

As the X-15 approaches the burnout altitudes for either the speed or
altitude missions, however, Jjet static-pressure ratios greatly exceeding
those considered in previous investigations will be encountered. In
order to determine the jet-interference effects which may occur at these
high jet static-pressure ratios and high Mach numbers, an investigation
was undertaken in the Langley ll-inch hypersonic tunnel at a Mach number
of 6.86. This paper presents the results of this investigation.

SYMBOLS
Pt,j jet total pressure (combustion chamber pressure )
7j Jet specific-heat ratio
p‘j Jet static pressure at nozzle lip
1955 free-stream static pressure
M, free-stream Mach number
a angle of attack
z vertical distance from bottom of fuselage
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Z

Sk

vertical tail height from bottom of fuselage

Reynolds number, based on mean serodynamic chord

altitude

axial distance from base of fuselage

fuselage length

1lift coefficient

pitching-moment coefficient

rate of change of yawing-moment coefficient with sideslip angle

horizontal-tail deflection

rate of change of rolling-moment coefficient with sideslip
angle

rate of change of yawing-moment coefficient with vertical-tail
deflection

rate of change of rolling-moment coefficient with vertical-
tail deflection

rate of change of rolling-moment coefficient with differential
horizontal-tail deflection

rate of change of yawing-moment coefficient with differential
horizontal-tail deflection

DISCUSSION

The following discussion deals with the X-15 flight conditions at

burnout for the speed and altitude missions. These flight conditions
are shown in the following table:
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Mission b bk Mach number R-
Speed 137,000 6.15 108 106
Altitude 158,000 5.90 0.4 x 100

In figure 1 the increase in the jet static-pressure ratio pJ/poo

that the X-15 will encounter with increasing altitude is presented for
the design jet chamber pressure of 600 pounds per square inch and an
assumed specific-heat ratio 7. of 1.25 for the exhaust gas. Three
rocket-nozzle configurations are considered. The original design nozzle
had an exit static pressure equal to ambient pressure at about

20,000 feet and will hereinafter be referred to as the 20,000-foot
nozzle. The 40,000- and 50,000-foot nozzles are merely extensions of
the divergent section of the original nozzle and are included to show
the effects of nozzle extensions.

The Jjet static-pressure ratios for all three nozzles increase
rapidly with altitude. TFor the 20,000-foot nozzle, values of pj/p°° at

burnout of 180 on the speed mission and 420 on the altitude mission are
obtalned. With the extended nozzles, lower Jjet static-pressure ratios
are obtained at all altitudes.

The combination of these high jet static-pressure ratios and the low
ratio of specific heats of the exhaust gases will cause the jet boundary
to expand considerably after leaving the nozzle. If inviscid conditions
are assumed, a strong jet exit shock would be present and the ratio of
the pressure immediately behind the shock to the pressure in front of
the shock has been calculated to be between 30 for the 50,000-foot
nozzle at the speed-mission burnout altitude and 55 for the 20,000-foot
nozzle at the altitude-mission burnout altitude.

At the high altitudes and speeds under consideration the character
of the boundary layer may be such that pressure ratios in this range
could cause a separated-flow region to occur ahead of the Jjet boundary
in the vicinity of the tail surfaces, and changes in the stability and
control characteristics of the X-15 may result.

In order to determine whether these separated-flow regions did
exist, the flow field produced by a cold air jet exhausting into a Mach
number 6.86 hypersonic air stream was observed in the NACA 1ll-inch
hypersonic tunnel by means of a schlieren system. Since air, instead
of hot gases, was used as the exhaust medium, equivalent jet static-
pressure ratios were used during the tests so that the initial Jjet-
boundary slope could be duplicated. The effects of specific-heat ratio
on this initial jet-boundary slope and the details of obtaining these

U
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equivalent Jjet static-pressure ratios for simulating effects of specific-

heat ratio were determined in the investigations reported in references 6
and 7.

Figure 2 presents a typical schlieren photograph of the flow field
produced by the air jet from the 20,000-foot nozzle exhausting into
the Mach number 6.86 air stream. Indicated in the figure are the

Jjet boundary, the jet-exit shock, and the jet-induced separated-flow
region.l

In figure 3 the extent of these separated-flow regions with
increasing equivalent air jet static-pressure ratios is indicated in
terms of the parameter z/zy where 2z is the height of the separated-

flow region at the base of the fuselage and zy 1s the height of the

vertical tail. At the lower Reynolds numbers the separated-flow regions
increase rapidly with jet static-pressure ratio and under certain low
Reynolds number conditions could cover the entire vertical tail. With
increasing Reynolds number, however, a reduction in z/zt occurs,

especially at the higher jet static-pressure ratios.

Since the jet air supply was inadequate to rermit testing at both
the required equivalent Jet statlc-pressure ratios and also at the full-
scale Reynolds number, extrapolations of the available data were made,
with the lower Reynolds number variation as a guide, to determine the
separated-flow conditions that would exist for the 20,000-foot nozzle on
the speed mission (indicated by the flagged solid circle symbol at a
pj/pw of 500) and for all nozzles during the altitude mission (indi-

cated by the unflagged solid symbols). As might be expected the extent
of the separated-flow regions is greater for all three nozzles during
the altitude mission than during the speed mission. Therefore during

the remaining part of this discussion, only the data pertaining to the
altitude mission are considered.

For the 20,000-foot nozzle, the equivalent air jet static-pressure
ratio of 1,200 for the altitude mission corresponds to the hot-jet value
of 420 seen in figure 1; and, as indicated by the extrapolation, a deter-
mination of the separated-flow region induced by this nozzle could not be
obtained experimentally at this jet static-pressure ratio and Reynolds
number combination. However, experimental data were available at

D3[Py = 528 and a Reynolds number of 0.25 x 10% which figure 3 shows
closely approximated the desired separated-flow conditions and the

schlieren photograph at this condition was used for defining the separated-
flow regions induced by the 20,000-foot nozzle during the altitude mission.

1A motion-picture film supplement (L-372) showing the Jjet-exhaust
test 1s available on loan from NACA Headquarters, Washington, D.C.

g
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In order to duplicate these established separated-flow regions for
the altitude mission on a force model of the X-15, axisymmetric metal
jet-boundary simulators were machined to the jet-boundary shapes deter-
mined from the compressed-air tests at an angle of attack of 0° and
then were attached to the wind shield of the force balance just aft of
the model. These metal fairings were then modified by reducing the
length of the duplicated jet boundary, if necessary, to produce approxi-
mately the same separated-flow regions, at an angle of attack of 0°, as
those obtained from air tests. In figure 4 a schlieren photograph of
the flow field produced by one of these Jjet-boundary simulators is shown.
The Jjet-boundary simulator shown in this figure has been modified to
produce approximately the same separated-flow region as that produced
by the air Jjet in figure 2 and is the only one of the three jet-
boundary simulators tested which needed modification.

At angles of attack the actual jet boundary becomes asymmetrical;
however, for these tests the zero-angle-of-attack Jjet-boundary simu-
lators were used throughout the small angle-of-attack range investigated.

Figure 5 shows a comparison of the separated-flow regions on the
high-pressure side of the configuration induced at different angles of
attack by the air jet and the comparable zero-angle-of-attack jet-
boundary simulator. At o = 0° the separated-flow region induced by
the jet-boundary simulator is almost identical with that induced by the
air jet. As the angle of attack is increased, however, the Jjet-boundary
simulator induces & progressively larger separated-flow region than the
air jet. On the low-pressure side a reversal of this trend would occur.
In view of these results, the angle-of-attack range for the force tests
was limited to t4©.

The effects produced by this simulated jet-exhaust technique on the
longitudinal stability and control of the X-15 are shown in figure 6
where the variation in pitching-moment coefficient with 1ift coefficient
is presented with the jet off and with the 20,000-foot, 40,000-foot, and
50,000-foot nozzle Jjet-boundary simulators in place. First, consider
the curves for zero-horizontal-tail deflection, &, = 0°. With the jet

off the configuration is longitudinally stable. Because of the large
separated-flow region from the 20,000-foot nozzle, however, considerable
instability occurs over a small positive and negative lift-coefficient
range. Since the separated-flow regions produced by the extended
nozzles are smaller, less loss in stability is indicated; however, at
zero 1lift coefficient the configuration is still only neutrally stable.

The jet-exhaust effects on the control power of the horizontal tail
1s indicated by the difference in the curves for &y = 0° and &, = -200.

With the Jjet off some loss in control power occurs at small negative 1lift
coefficients because of wing wake effects. The combination of the wing



26 =%l

wake and the Jet-induced separated-flow region from the 20,000-foot
nozzle causes a large loss in control power, and at negative lift coef-
ficients the horizontal tail becomes almost ineffective. With the
extended nozzles the control power is only slightly reduced from the
jet-off condition.

The effect of the simulated-jet exhaust on directional stability
and control is indicated in figure 7, where the variations of the
directional-stability parameter CnB and the directional-control

parameter Cna with angle of attack are shown. Here again some loss
v

in both the directional stability and control is indicated with the

20,000-foot nozzle in operation. With the extended 40,000- and 50,000-

foot nozzles a small reduction in Cn6 is noted; however, no signifi-
v

cant change 1s indicated for CnB.

The lateral stability and control results are shown in figure 8%
No jet-exhaust effects from any of the nozzles under consideration on
the lateral stability parameter CZB are noticeable; however, a loss

is again evident in the lateral-control parameter Cl&h for all three

nozzles, and at negative angles of attack, roll control is almost
nonexistent.

The data of figures 6, 7, and 8 summarize the significant jet-
exhaust effects observed during this investigation. Additional results
indicated no noticeable change in the cross control derivatives CZGV

and Cn&h' due to jet exhaust effects. The model was also tested with

the speed brakes open 35°; however, the data also showed no significant
change in the static longitudinal, directional, or lateral stability
characteristics between the simulated jet-on and jet-off conditions.

One question which might naturally arise at this time 1is whether or
not these simulated jet-exhaust effects are truly representative of those
which may be encountered during an actual flight. In answering it must
be noted that even though, during these tests, the flight Reynolds num-
bers in all cases but one were duplicated, boundary-layer transition very
likely will occur farther forward on the full-scale vehicle; thus the
jet-induced separated-flow regions and, consequently, the jet interfer-
ence effects would be expected to be smaller. Therefore, although this
simulated Jet-exhaust technique may not predict the exact magnitude of
these jet effects, it is believed that these results are useful for
indicating trends and pointing out problem areas.
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From consideration of the compressed-air test results and the
altitude mission trajectory, the time for the jet-exhaust effects to
develop from zero to the maximum effects shown herein prior to burnout
was estimated to be 14 seconds on the altitude mission. Flight simu-
lator tests then indicated that, over this relatively short time
duration, little difficulty was experienced in overcoming these Jjet-
exhaust effects.

Since the altitude capabilities of the X-15 are much greater than
those obtained during the design altitude mission, higher burnout alti-
tudes than 158,000 feet may be encountered and the jet-exhaust effects
may become more serious. It is anticipated that an extensive investi-
gation into these jet effects over a range of Mach numbers and Reynolds
nunbers will be carried out during the flight-program missions of the
X-15.
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EFFECT OF SIMULATED JET EXHAUST ON
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THE MEASURED AND ESTIMATED ROTARY STABILITY
DERIVATIVES OF THE X-15 AIRPLANE

By Bruce Tinling
NACA Ames Aeronautical Laboratory
True Surber
North American Aviation, Inc.

Phillips J. Tunnell, and Armando Lopez
NACA Ares Aeronautical Labora

H

INTRODUCTION

Analysis of the dynamic motion of an airplane flying within the
atmosphere depends upon a knowledge of the aerodynamic stability deriv-
atives. Those derivatives which represent moments caused by rotational
velocities are known as the rotary stability derivatives and contribute
to the damping of the airplane motions. Once the derivatives have been
evaluated, airplane motions can be computed or simulated, and the need
for artificial stability augmenters or dampers can be determined.

The results of many theoretical studies directed toward estimating
the rotary derivatives for isolated surfaces have been published in the
last five to ten years. (See, for example, refs. 1 to 8.) Measurement
of the derivatives in the wind tunnel or in flight is difficult and
only a few experimental results are available from which to verify the
estimation techniques and to extend them to airplane-like configurations
for which the effects of a fuselage and the interference of one surface
upon another must be considered. In this respect, the X-15 configura-
tion might be considered to be an extreme example. It has large tail
surfaces close to the wing and a fuselage which covers roughly 30 per-
cent of the wing span. These factors contribute to the uncertainty of
estimating the rotary derivatives by theoretical methods.

Measurements of the rotary derivatives of the X-15 have been made
in several of the wind tunnels of the National Advisory Committee for
Aeronautics (refs. 9, 10, and 11). The speed range was from landing
speeds up to a Mach number of %.5. The measurements were made on the
steady-state, forced-oscillation equipment described by Beam in refer-
ence 12. This apparatus measures the rotary derivatives during small-
arpplitude, single-degree-of-freedom oscillations.

In this paper, the results of the wind-tunnel tests are compared
with the values of the rotary derivatives estimated by the available
procedures. Wherever possible, the results of wind-tunnel measurements
of the static forces and moments on the X-15 have been utilized in the
estimation procedures to obtain lift-curve slopes and centers of pressure
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of the tail surfaces. In this way, at least a partial account is taken
of the effects of the fuselage and wing downwash and pressure field on
the tail surfaces.

SYMBOLS

Cl/2 cycles to damp to half amplitude
clé rolling-morment coefficient due to sideslip acceleration
Clp damping-in-roll coefficient
Czr rolling-moment coefficient due to yawing velocity
Crg pitching-moment coefficient due to plunging acceleration
Cmq pitching-moment coefficient due to pitching velocity
CNOL slope of normal-force coefficient with angle of attack
Cné yawing-moment coefficient due to sideslip acceleration
Cnp yawing-mmoment coefficient due to rolling velocity
Cnr yawing-moment coefficient due to yawing velocity
CYB rate of change of side-force coefficient with sideslip
Ve equivalent airspeed

angle of attack, deg
¢ angle of roll, deg

DISCUSSION

The experimental technique employed permits measurements of the
derivatives over a fairly wide range of angle of attack. The damping
derivatives measured at the highest test Mach number, 3.5, are presented
in figure 1. For the benefit of those not familiar with the measurement
technique, both the moments due to pitching velocity Cmg and plunging
acceleration Crj are measured simultaneously in the case of damping
in pitch. In the case of the lateral derivatives, the moments due to
rotational velocities Czp or Cnr are measured along with a component
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due to sideslipping acceleration. The lateral results shown are

referred to' a body system of axes.. In the figures whichifolliow, the
damping measured at zero angle of attack has been selected to demonstrate
the effects of Mach number, the contributions of the various airplane
components to the damping, and the accuracy to which these contributions
can be estimated.

The unexpected importance of the contribution of the fuselage to
the pitch and yaw damping at supersonic speeds is one of the principal
results of recent research on the rotary derivatives. In figure 2 the
damping in pitch and yaw measured for several fuselage arrangements is
compared with the damping predicted for bodies of revolution by slender-
body theory. The experimental results in this figure are for the fuse-
lage alone or in combination with the wing. The wing is not considered
to contribute to the damping in yaw. A few points have also been
included from pitch tests of the wing-fuselage combination at Mach num-
bers greater than 2, where the pitch damping of the wing is presumed to
be small compared with the fuselage damping. The measured damping has
been divided by the estimated value so that perfect correlation is indi-
cated .by unity. The estimated damping can be derived from slender-body
theory (ref. 13) or from analyses using unsteady source-sink potentials
for compressible flows where the wave length is long compared with the
body length (ref. 14). The result from these analyses is that damping
of a pointed body of revolution is independent of Mach number and
dependent only on the base area and the square of the distance from the
moment center to the base. It is obvious from the data points shown
that slender-body theory grossly underestimates the fuselage damping at
supersonic speeds. The two fuselages for which damping information is
available, the X-15 and the F-104, bear only a faint resemblance to a
body of revolution to which the theory applies. However, the same trend
with Mach number exists for both fuselages and for both pitching and
yawing nmotions. It is expected that the same trend will prevail for
all slender, pointed bodies.

A possible explanation for the differences between the predicted
and measured fuselage damping is found in a study of the limitations of
slender-body theory in predicting the normal-force characteristics of
elongated bodies at small angles of attack. In figure 3, slender-body
theory has again been used as a standard of comparison - this time to
compare the normal-force characteristics. The experimental results
shown are for bodies of revolution having ogival noses and cylindrical
afterbodies. The fineness ratio of the afterbodies was 6 (ref. 15 )%
The effects of viscosity on the normal forces which may be significant
at higher angles of attack are negligible for the data shown here. .
These results, then, indicate the differences which may be anticipated
between measured normal-force characteristics and those predicted from
slender-body theory. Syvertson and Dennis (ref. 16) have had good
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success in accounting for these differences on the basis of second-
order effects. Second-order calculations of the damping in pitch and
in yaw have not been made. At speeds beyond the range of measured
fuselage damping, it is anticipated that the damping will gradually
approach the value given by Newtonian impact theory. This trend has
been used in extrapolating the measured damping of the X-15 to higher
Mach numbers. (See fig. 2.)

The measured damping in pitch of the wing-fuselage combination and
of the complete airplane is shown in figure 4. The measured damping is
indicated by the symbols. The damping derivative for the complete air-
plane reaches a maximum at about a Mach number of 1 and diminishes
markedly with increasing supersonic Mach number. The average fuselage
damping from figure 2 has been repeated in figure L. It is obvious
that at the higher Mach numbers more than one-half of the damping in
pitch is contributed by the fuselage.

The damping of the wing was estimated from theoretical procedures
for isolated surfaces. The estimated damping of the wing was small
except at transonic speeds. The peak near a Mach number of 1.0 was not
predicted by the estimation procedure.

Estimates of the pitch damping contributed by the horizontal tail
agreed well with the measured increment. It is usually adequate when
estimating tail damping to consider only those moments resulting from
the angle of attack of the tail caused by rotation about the center of
gravity and downwash lag. The horizontal tail of the X-15, however, is
large and the tail length is short. Consequently, the moments caused
by rotational velocity of the tail about its aerodynamic center during
the pitching motion should be included in the estimate. These moments
account for roughly 20 perc¢ent of the tail damping at subsonic speeds
and less than 10 percent at supersonic speeds.

The total estimated damping in pitch matches the experimental trend
at supersonic speeds. Extrapolation of these results through the use of
the estimation procedures seems warranted.

The darping-in-yaw derivative Cp,. - Cné varies with Mach number

in a manner similar to damping in pitch. (See fig. 5.) A maximum is
reached near a Mach number of 1 and the damping is reduced with
increasing supersonic speed. The contribution of the fuselage is again
a large portion of the damping at supersonic speeds. The damping of the
wing is considered to be negligible. Most of the subsonic measurements
were made on a model of an earlier version of the X-15 which had fuse-
lage side fairings extending well forward of the cockpit. These results
are indicated by the flagged symbols. Removal of these fairings forward
of the cockpit improved the fuselage yaw damping. The contribution of
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the tail was about the same with the fairings either on or off. It is
expected, therefore, that the yaw damping coefficient at the higher sub-
sonic speeds for the X-15 will be 10 to 20 percent greater than indi-
cated by the flagged symbols and will reach a value of about =208 neaw

a Mach number of 1.0. In the estimates of the yaw damping of the verti-
cal tail, it was possible to estimate only the coefficient due to yawing
velocity Cpg- The coefficient due to sideslipping acceleration, Cné;

is dependent upon the variation of sidewash with sideslip. Unfortu-
nately, there is no reliable way to estimate the sidewash or to derive
it from available static wind-tunnel test results. The estimated value
of Cnr of the tail has been added to the measured damping of the wing-

fuselage combination in figure 5. The resulting total is less than the
measured damping of the complete airplane at subsonic speeds and fails
to follow the experimental trend at supersonic speeds. Extension of
the estimates to higher supersonic speeds appears to yield unconserva-

tive results.

The derivatives due to rolling velocity were the most difficult to
measure by the experimental technique employed. In this technique,
single-degree-of-freedom oscillations are forced about axes lying in
the plane of symmetry midway between the axes for rolling and yawing
motions. Thus, the damping moment measured during these oscillations
contains components of all of the rolling and yawing rotary derivatives.
These measurements and those made separately of the yawing derivatives
are used to formulate a determinate system of simultaneous equations
from which the rolling derivatives are extracted algebraically. For
the complete airplane, the damping-in-yaw derivative was of the order
of -1 and appeared to have an experimental scatter of about G4 IEL
Obviously, since the measurements of damping in yaw are utilized to
extract the rolling derivatives from the measurements made about
inclined axes, the rolling derivatives must also have a scatter of at
least 0.1. The results for the damping-in-roll derivative at an angle
of attack of O° are shown in figure 6. The data are shown to be scat-
tered and one should probably turn to estimations of the damping of
isolated surfaces as a guide for fairing the results. The measurements
made at Mach numbers slightly less than 1.0 are particularly anomalous.
The flagged symbols indicate data obtained with the lower tip of the
vertical tail removed which is required for landing. This should not
cause any significant changes in roll damping. Also included is a low-
speed measurement (solid test point) obtained during a pure rolling
oscillation in the Langley free-flight tunnel.

The estimated damping in roll of the isolated wing approximates
the experimental results obtained at supersonic speeds with the tail
off. No measurements of the roll damping with the tail removed were
nade at subsonic speeds.
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Estimates of the contribution of the tail surfaces to the damping
in roll require more careful consideration of the X-15 airplane than for
more conventional configurations. The damping of geometrically similar
surfaces varies as the fourth power of a typical dimension. For con-
ventional airplanes, therefore, the tail damping in roll is usually
negligible compared with the damping contributed by the wing. For the
X-15, this is not true, and the damping of its isolated tail surfaces
is significant compared with the wing damping. ,The damping estimated
for isolated tail surfaces will not be realized because of the wash
from the rolling wing. TFor the estimates presented, the downwash and
sidewash due to the local wing angle of attack caused by rolling veloc-
ity were taken to be identical to the wing downwash induced by a uniform
angle of attack. This quantity can be derived from static wind-tunnel
test results. This method of accounting for the flow rotation from the
rolling wing is crude but is thought to be as accurate as any of the
theoretical techniques. The resulting estimates follow the trend of
the experimental results. Extrapolation to higher supersonic speeds,
using the estimated derivatives for isolated surfaces, indicates the
damping-in-roll derivatives at a Mach number of 7 to be about 30 per-
cent of the value measured at low supersonic speeds.

The cross derivatives as well as the damping derivatives can be
measured by the experimental techniques employed. Results of measure-
ments of these derivatives at a Mach number of 3.5 are presented in
figure 7. These data are referred to the body system of axes. Calcu-
lations were made of the short-period lateral dynamics or Dutch roll
characteristics in which these derivatives were varied from the most
positive to the most negative values measured (0.2 to -0.2). These
calculations indicated no important effect of these derivatives on the
short-period dynamics.

The results of the research on the rotary derivatives of the X-15
can be best summarized by examining the effect of these derivatives on
the dynamics of the airplane. As an illustration, the Dutch roll char-
acteristics for the gliding flight following the entry maneuver are
presented in figures 8 and 9. Plotted is a damping parameter, the
reciprocal of cycles to damp to 1/2 amplitude for Mach numbers from 0.6
to 6. Included for reference are the minimum acceptable damping bound-
aries from the current Air Force specifications (ref. 17). For the

roll-yaw coupling encountered, that is él less than 0.4, these

e
boundaries are constant. The calculations were made for dynamic pres-
sures of 200 and 1,500 1b/sq ft, which correspond to altitudes near the
upper and lower boundaries of the Mach number-altitude flight envelope.
Calculations were made with the rotary derivatives set equal to zero
and set equal to the estimated and measured derivative at the angle of
attack for a 1 g glide. When the rotary derivatives are set equal to
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zero some damping is indicated which is contributed by the large value
of the sideforce due to sideslip derivative CYB' At the lower dynamic

pressures, which correspond to high altitudes, the rotary derivatives
have little effect at a Mach number of 6. Simulated piloted entries
from the ballistic phase of flight have also demonstrated the unimpor-
tance of the rotary derivatives in the high altitude-high Mach number
part of the flight envelope. Little or no difference in the handling
characteristics during the entry was noted when the rotary derivatives
were varied from O to twice the estimated values. As the Mach number
is reduced, the magnitude of the derivatives increases and the altitude
decreases for a given dynamic pressure. These two factors increase the
importance of the rotary derivatives at the lower Mach numbers. At the
higher dynamic pressure (or lower altitude) the derivatives have a sig-
nificant effect at all Mach numbers. Comparison of the damping cal-
culated for the measured and for the estimated derivatives indicates
the estimation procedure to be adequate. The differences in damping
shown would probably have little effect on the pilot's opinion of the
flying qualities. It should be borne in mind, however, that the esti-
mate of yaw damping was made by adding the estimated tail damping to the
measured fuselage damping. This estimate, therefore, is not truly rep-
resentative of the estimate one would arrive at if he were to start from
"scratch" without benefit of experimental data. At the present time,
there are no procedures available to reliably estimate the damping of
fuselages which, for the X-15, is indicated to contribute 50 percent or
more of the total pitch and yaw damping at high supersonic speeds.
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