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FOREWORD

This roport presents the conclusions, recommendations, and typical results
available from the efforts to date on the project entitled '"Aerodynamic
Analysis of the Self-Suspended Flare.' This project was conducted by the
Government and Aeronautical Products Division of Honeywell Inc. for the
Research and Development [lepartment of the Naval Ammunition Depot
(NAD), Crane, Indiana, under Contract N00164-69-C-0662. The effort
described was essentially conducted during the period from .June 1969
through June 1970, with intermittent computer, documentation, and present-

ation efforts in the interim.

The cognizant Project Engineer for NAD/Crane was Mr, J, J. Riester, The
Pprincipal investigator for Honeywell was Mr. G. D, Stilley, with support
from other aerodynamics, computer programming, wind tunnel, and flight
test photography personnel, as required. The studies were also supported

by in-house facilities consisting of a subsonic wind tunnel, a CDC 6600 com-
puter terminal, a Honeywell Computer Network teletype computer terminal,
several cameras, and by a semi-automatic motion analyzer for film data.

The efforts were also supported on a mutual team work basis by free-flight
test facilities at Hurricane Mesa, which were the responsibility of a separate
contractor, Denver Research Institute, under direct contract with NAD/Crane,

Some informal consultive support was obtained from Dr, J. ). Nicolaides
and Dr. C. W, Ingram of the Aerospace Engineering Department at Notre
Dame University and from Dr, E. E, Covert from the magnetic support
wind tunnel facility at the Massachusetts Institute of Technology (MIT).
This technical report has been reviewed and is approved.




ACKNOWLEDGEMENT /DISCLAIMER

It is recognized that the name "Frisbee' is a copyrighted trademark of the
Whamo Corporation, Therefore, the more precise and legally correct way
to describe the domed, cupped configurations studied herein would be with
the terms ''frisbee-like configuration, "' etc. However, in the interest of
brevity and clarity, especially on figures, this report will define the

word "frisbee" to mean "frisbee-like configuration.'" Therefore, ''solid
frisbee'" would refer to a frisbee-like configuration whose top is domed

similarly to the ""Frisbee' bui whose bottom surface is filled in flush, etc.
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I. INTRODUCTION

A, OBJECTIVE OF THE SELF-SUSPENDED FLARE PROJECT

The objective of the Self-Suspended Flare project conducted by NAD/Crane
was to develop an air launched flare concept which would utilize gyroscopic
stabilization of the case of a disk shaped flare to retard the descent of the
flare sufficiently to provide intermediate-term illumination, [without the
parasitic weight and volume of conventional parachute flares](see Figure 1),
It was not intended to provide long-term battlefield illumination and the
associated very slow descent, Preliminary analysis indicated that reasonable
descent velocities could be achieved for reasonable times and composition
weights if such a flare could be kept oriented and if the proper combustion
characteristics could be obtained in a spinning body. Preliminary free-
flight and pyrotechnic laboratory experiments indicated that this could be
done,

The zaalysis of the aerodynamic feasibility of this concept was assigned to
the Government and Aeronautical Products Division (formerly Ordnance
Division) of Honeywell Inc., which had the required capability and experience
in flight and fuzing of unconventional ordnance, The pyrotechnic and case
study and development was primarily conducted in-house by the Research and
Development Department of NAD/Crane, whose primary mission was pyro-
technic development., Design, fabrication, and operation of the launcher was
assigned to the Denver Reseaich Institute, which had been providing con-
tinuing research support to NAD/Crane,

B. OBJECTIVES OF THE AERODYNAMIC ANALY SIS OF THE SELF-
SUSPENDED FLARE

The overall objectives of aerodynamic analysis of the self-suspended flare

were as follows:

ol

PO I g N Nk



PATH OF FLIGHT

Figure 1.

Self-Suspended Flare Concept




. Establish by analytical means the aerpdynamic feasibility of the self-
suspended flare concept.

Define the optimum aerodynamic configuration,

. Obtain aerodynamic data for use in further development.

(&5 INTERIM GOALS FOR THE AERODYNAMIC ANALYSIS OF THE
SELF-SUSPENDED FLARE

Because of the complexity of the task and the magnitude of the effort that
could have been required to guarantee achievement of these objectives,
compared to the time, funds, and flare combustion data available, interim
goals were identified which would both have a higher probability of success
and provide a firmer basis for planning of more extensive follow-on efforts.

D, SCOPE OF EFFORTS, AERODYNAMIC ANALYSIS OF THE SELF-
SUSPENDED FLARE (CONTRACT N00164-69-C-0662)

The planned scope of the efforts directed at these interim goals, whick were
considered compatible with the overall Self-Suspended Flare project
development status and funding level, encompassed the following major
tasks, in addition to the necessary coordination and dncumentation:

Trajectory simulation.

. Nonspinning wind tunnel tests of three basic configurations (ezch to
be solid and hollow),

Estabiishment of aerodynamic criteria,

As the Hurricane Mesa tests materialized, the coordination/liaison efforts

became more significant than normal.

On the basis of the preliminary results obtained and the concurrent scheduling
of relatively independent Hurricane Mesa tests, these tasks were informally
diverted, in concurrence with the NAD/Crane Project Engineer, to include
full scale participation in the Hurricane Mesa tests of November 1969,

-3-
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This was expected to increase the yield from both projects. The objectives
of this joint test effort were to maximize the data obtainable from the flight
tests and if possible to obtain aerodynamic or dynamic data not readily
obtained from the existing wind tunnel models and simulation and/or to
validate the existing data.

Subsequent to the Hurricane Mesa tests, the scope/of Contract N00164-69-C-~0662
was extended to extract and utilize the test data and to closely examine the
aerodynamic phenonema involved. These additional tasks were as follows:

. Analysis of Hurricane Mesa test data.
. Incorporation of Hurricane Mesa test data in the flare analysis.

. Spinning wind tunnel model test of one configuration,

While the long range objectives have not yet been achieved, the more reason-
able interim goals have essentially been met in terms of criteria and a data
base for further work.

This final summary report for Contract N00164-69-C-0062 is arranged in
the format of Summary (Section II), Conclusions and Recommendations
(Section III), Technical Discussion (Section 1V), Bibliography (Section V),
and Appendices. The Technical Discussion itself consists of a narrative
semichronological summary of the Aerodynamic Analysis of the Self-
Suspended Flare and the rationale applied and typical results of these
efforts in the areas of trajectories, analytical criteria, configuration
aerodynamic data, flight test results, and math models.

-4-



II. SUMMARY
A, THEORETICAL DEVELOPMENT

The following are the accomplishments of the Aerodynamic Analysis of the
Self=Suspended Flare in theoretical development:

e o — Y

. A relatively versatile trajectory simulation has been developed and
typical results are presented herein,

. Results correlate qualitatively with available free-flight tests and
analytical solutions,

. Preliminary analytical criteria relating aerodynamic, inertial, and ,
delivery characteristics have been derived and correlated with the i
well-known flight of toy frisbees and the flight of clay pigeons on
the range or tossed from Hurricane Mesa.

. Key features for those devices are the hollow domed shape, light
weight, and delivery orientation.

Cursory applications of the trajectory model to other ordnance delivery
applications show promise for these applications,

. The trajectory simulation is available for study of performance of
inert disks or burning flares (linear burning, constant thrust).

The simulation permits the assumption of either steady gyroscopic
precession under the aerodynamic moments, or gyroscopic rigidity,
depending on the purpose of the study and the available data.

S

For the low burning pressures originally anticipated for the flare, the
analysis indicated negligible effect on the aerodynamic forces,

B. TESTING

The following are the accomplishments of the Aerodynamic Analysis of the
Self-Suspended Flare in testing:

Preliminary wind tunnel tests have been conducted on typical solid
and hollow candidate shapes and trends observed.

Configuration parameters warranting further wind tunnel test with |
existing techniques have been identified.
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Limitations of these techniques and the required improvements or
alternates have been identified, conmdered and deferred for future
development program(s),

Results of preliminary free-flight tests (conducted by another contractor)
have correlated qualitatively with theoretical results, in addition to
indicating areas for pyrotechnic research,

Free-flight tests to date have not yet adequately simulatad the air-
launch environment.

Theoretical trajectory extrapolations to air-launch conditions indicate
that either the optimum design has not yet been tested or identified or
that the theory/model/data require additional free-flight validation,
Configurations which appeared to manifest acceptable precession and
negligible trajectory displacement under Hurricane Mesa test conditions
appear to precess excessively for simulations of higher speeds or
higher drop altitudes,

Wind tunnel fests indicate that domed flare configurations generate
some of the key aerodynamic characteristics of clay pigeons or toy
frisbees,

The experience gained to date in instrumenting and analyzing the
Hurricane Mesa tests indicates that instrumenting formal airdrops

will be difficult, Detailed dynamic or aerodynamic information will
most likely not be obtainable, However, basic trajectory, performance,
and possibly lift/drag parameters will be available,



III., CONCLUSIONS AND RECOMMENDATIONS

. A, CONC LUSIONS

The following are the conclusions of the Aerodynamic Analysis of the Self-

Suspended Flare:

Interim goals of establishment of trajectory models and aerodynamic
requirements have been met and validated on typical configurations.

i . Adaptation to denser ordnance items could take either the course of

v configuration and delivery as scaled analogies to frisbee tosses with tilted
' domeud, cupped configurations or by neutralizing the aerodynamic
characteristics with relatively thick cylinders, or by a combinalion
thereof.

. Math models are available to perform preliminary application require~
ment studies in parallel with the completion of feasibility /configuration
efforts,

dem o= L

As may well have been expected within the scopec of the program to
date, insufficient data are yet available to conclusively establish
concept feasibility or infeasibility and the optimum configuration
required.

Such feasibility and configuration establishment will entail additional
effort balanced between analysis, computer simulation, wind tunnel
testing, pyrotechnic development, and free-flight testing of inert
and live flares,

In view of some of the results and limitations of the aerodynamic
studies to date, informal flight tests of typical configurations, at the
earliest opportunity, would be extremely valuable to provide the
following:

- Interim concept validation/configuration selection prior to
committment to live flare demonstration,

~ Validation of available math models and /or aerodynamic data.

— Identification of technical problems for both flare development and
flight test instrumentation,

— Adequate emphasis in forthcoming studies between applications,
flight dynamics, and pyrotechnic development.

-1-



B. RECOMMENDATIONS
The following are the recommendations for future development:

From the available data, the most promising configurations appear

to be the 3:1 to 2:1 diameter-to-thickness ratio right-circular cylinder
and the relatively thick domed/cupped clay pigeon-like shape, (see
Figures 2, and 3) which also show some possible alternates,

. Because of the interaction between aerodynamics and launch conditions,
the choice of configuration and/or launcher design must take into
account the importance of flare orientation at launch to provide desired
steady-state glide characteristics,

. The next step in flare development should be preliminary flight tests
using available models (large 6:1 and 4:1 cylinders) and the most
promising and easily made candidates such as 3:1 or 2:1 cylinders -
small heavy cylindrical or clay pigeon shapes (perhaps ballasted
actual or plastic clay pigeons),using the present launcher for the large
models or a modified clay pigeon launcher for the small models.

. The near-term subsequent steps in aerodynamic development should .
consist of the following:

- Systematic iteration of this family of configurations with the avail-
able wind tunnel techniques and math models to separate effects
of corner radii, thickness, and cavity.

- Extension of the aerodynamic criteria and math models as required.

- Instrumented flight tests for gross performance data whose nature
would be partially contingent on the results of the informal flight
tests,

- The development of improved wind-tunnel techniques should probably
be deferred because of the complexity, time, and cost involved and
the unknown effects, although a Magnus moment balance measure-
ment should be obtained as soon as economically possible,
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IV. TECHNICAL DISCUSSION
This section presents a description of the technical problems and/or the

efforts directed at their solution, followed by presentation of the typical
results of these efforts,
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A, SUMMARY OF TECHNICAL CONSIDERATIONS AND EFFORTS

The efforts expended to date on the Aerodynamic Analysis of the Self-Suspended
Flare have encompassed overlapping tasks of dynamic analysis, aerodynamic
analysis, wind tunnel testing, and free-flight testing., The somewhat arbitrary
distinctions are that the dynamic analyses meant trajectory and stability and
precession analyses utilizing the physical and aerodynamic coefficients for a
given configuration, or generation of analytical solutions. The aerodynamic
analyses meant determining the aerodynamic coefficients of a given configura-
tion from estimates based on theory, available data, or new wind tunnel data,
and synthesizing promising configurations for further study. Wind tunnel
‘testing included the actual fabrication of models and wind tunnel testing and
data reduction for static and dynamic aerodynamic coefficients, Since the
contractor was not responsible for conducting free-flight tests, the flight test
efforts included observation and photography of tests, recommendation of
instrumentation and test conditions, and analysis of photographic data for

trajectory parameters,

These efforts were directed toward the ultimate objectives of establishing
the feasibility of the concept and specifying the optimum flare configuration
and delivery conditions. The relatively austere allowable scope of the effort,
especially as originally planned independent of flight tests, did not provide a
guarantee that these objectives could be met in this phase of Self-Suspended
Flare development, It was hoped, however, that the interim goal of estab-
lishing aerodynamic criteria could be achieved,

These aerodynamic criteria would be intended to provide satisfactory flight
behavior if and when met by some available future configuration/delivery
combination. Of course, if it were then immediately obvious that such
criteria could never be met, then infeasibility would be indicated, The goals
of criteria establishment has been achieved and validated for familiar flying
objects, but the available data to not yet permit conclusions about the ability
to meet them in practice with the Self-Suspended Flare,

-12-



The considerations and efforts will be described in a loosely chronological
narrative because of the considerable overlap, shifts in emphasis, and cross

interpretation involved,

1, Problem Identification/Definition

The right-hand rule of gyroscopic precession means that if a torque is applied
to a symmetrical spinning object, the object will rotate steadily about an axis
at right angles to the axis about which the torque is applied, This rotation
will be at a rate proportional to the applied torque and inversely proportional
to the angular momentum about the spin axis, This steady-state rotation is
referred to as gyroscopic precession, and the steady-state rotations of the
flare will thus be referred to as precession in this report.

This right-hand rule ignores the transient accelerations of the spinning object
which usually have a negligible effect on the amplitudes of the motion for most
rapidly spinning bodies. The high frequency transients are quite frequently

referred to as nutations,

The gyroscopic precession of a top involves coning of the spin axis about the
vertical because the forcing moment due to gravity 1s always in the plane
which contains the vertical and the spin axis and which rotates with the spin
axis., Therefore, instead of tipping over at right angles to the torque, the
top keeps chasing the gravity torque, This plane could be called the gravity
plane (see Figure 4).

The gyroscopic precession of a disk flying roughly edge-on involves rolling
about the velocity vector because the aerodynamic overturning moment due
to an angle of attack with respect to the velocity vector is in the plane which
contains the velocity vector and the spin axis. It rotates with the spin axis
as it precesses about the velocity vector and maintains the angle of attack,
This plane will be called the aerodynamic plane (see Figure 4),
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Because the disk in free-flight is ''suspended' at its center of gravity, it
does not have a corresponding moment due to gravity which would directly
cause the more desirable coning about the vertical.

Both of these effects can be demonstrated with toy or laboratory gyroscopes
which are suspended by the end of the spin axis or at the center of gravity,
respectively, It was recognized that in addition to any initial inclination to
the velocity vector, the curvature of the path under gravity could impose an
additional angle of attack leading to roll precession,

Somehow, toy frisbees and clay pigeons have been able to bypass this appli-
cation of the right hand rule of gyroscopics. This was apparently attributable
to the cupped shape of these objects or to some dihedral-like response to
sideslip caused bytilting. Therefore the problem was to determine if this
behavior could be identified and extrapolated to an initially solid body launched
at high speed for a finite flight time,

2, Technical Approach

The approach to dynamic analysis of the flight of the flare is the standard one
in flight dynamics; separation of the slowly varying parameters which define
the trajectory from the higher frequency motions or oscillations about the
trajectory., The trajectories would then be calculated by digital simulation,
while the motions of the body with respect to the trajectory would be treated
by stability/response analytical solutions at selected points on the trajectory.
If insufficient data were available to quantitatively predict the stability/
response of a specific case, the analysis would take the form of stability/
response criteria to be met by the missing data for satisfactory behavior,
The two separated motions could later be combined in a 6-degree-of-freedom

simulation if desired,

The separation was necessary and reasonable because the spin rate introduces
nutational motions, normally excited by impulsive inputs, with frequencies
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on the order of twice the spin rate, This frequency would call for fantasti-
cally large amounts of computer time for the flight times involved, and the
simulation would fail if complete aerodynamic data for a stable body were
not provided. By the same token, the high frequency motions would normally
have such low amplitudes for a stable body that they would have negligible
effect on the trajectory. T'.e latter observation was validated by the stability

analysis,

These dynamic analyses would draw on aerodynamic data as available from
literature, theoretical estimates, and wind tunnel tests of representative
configurations. To serve as a starting point, the configurations selected for
initial study were a 16 inch diameter, 2 inch thick right circular cylinder
yielding an 8:1 diameter to thickness ratio, and solid and hollow versions of

the familiar clay pigeon and the toy frisbee,

This cylinder at that time appeared to be the prime candidate for tactical
deployment, The frisbee and clay pigeon presented possible variations in
corner radius and thickness from the cylinder, which, of course, was
expected to be the preferred shape for pyrotechnic design. Since they were
part of the inspiration of the concept and their flight characteristics were
supposedly well-known, the results obtained were expected to assist in
validation of the techniques developed for the Aerodynamic Analysis of the
Self-Suspended Flare,

Initially, the approach did not include formal flight testing because launcher
design and operation was the responsibility of another contractor and the
schedule was not necessarily compatible. As the study proceeded, this

launcher became available and the level of the aerodynamic contractor's
participation in the testing increased. This division of responsibility limited

the in-house "flight test'' to observations of informal clay pigeon and toy
frisbee flights, In retrospect, a parallel program of more formal in-house
small scale flight tests would have been valuable if the scope and funds had

permitted,
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3. Aerodynamic Force, Moment, and Axes Definitions

The aerodynamic coefficients presented in this report are defined in terms of
the aerodynamic axis systems and Figure 5 (and nomenclature of Appendix B).

The aerodynamic axes have their origin at the center of gravity of the disk
and are expressed in terms of the aerodynamic plane in a manner somewhat
analogous to symmetrical projectiles, except that the disk is considered at
rest or at zero orientation and angle of attack when edge-on. Because of
rotational symmetry, this aerodynamic plane is independent of arbitrary
transverse axes of the body. The aerodynamic plane is defined to be the
plane containing the positive spin axis (designated Z A) and the velocity vector.
The aerodynamic roll axis, (XA) is perpendicular to the spin axis in this
aerodynamic plane, The aerodynamic pitch axis, (YA) then completes the
right-hand rule triad of axes, XA and YA may be considered to define the
disk plane,

The aerodynamic plane corresponds to the pitch plane as the disk is tilted in
the wind tunnel for measurements of forces and moments. The angle of
attack, Lo is defined as the angle between the velocity vector and the disk
plane (or XA axis) measured in the aerodynamic plane perpendicular to the
disk plane. The aerodynamic forces expressed in standard body axis form
for projectiles or missiles are the axial force A, parallel and opposite to
the XA axis, while the normal force, N, is normal to the disk plane and
parallel and opposite to the positive spin axis. The normal force may be
considered to act at the center of pressure, which is ch forward of the

center of gravity along the XA axis,

The velocity axis forces, lift (L) and drag (D) are, as usual, perpendicular
and parallel respectively to the velocity vector in the aerodynamic plane,

L. and D or N and A can be resolved back and forth as most convenient, but
the present day integral wind tunnel balances are parallel and perpendicular

to N and A and give them more directly.
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If there were a side force (Y),which would have to be due to spin for these
disks with axes of symmetry, it would be defined as parallel to the aero-

dynamic pitch axis, YA‘ This force has been ignored so far but could
become significant, It would be expressed in the Magnus force coefficient

form (C,, ) with the coefficient a function of the angle of attack.

Yy

The pitching moment (M) is considered to be a torque/couple in the aero-
dynamic plane or a torque vector along the positive Y A axis, positive over-
turning, In addition to the static moment, MT(fx). due to the angle of attack
of the disk, the pitching moment description includes a damping moment
(MQ) = MQ QA) due to an angular rate about the Y, axis, This pitch damping
moment is also a function of the angle of attack, The effect of the spin on

the pitching moment is considered negligible,

The standard aerodynamics/ballistics approach to expressing*the aerodynamic
forces and moments in terms of shape dependent dimensionless coefficients
which are independent of size and mass and velocity (except as dependent on
Mach number or Reynolds number) has been followed here, The wind tunnel
data are all presented in this form. The reference area for this process has
been taken as the disk ''cross-sectional'' area (S = n r2) in square feet and

the reference length as the diameter (d) in feet, Defining the dynamic pres-
sure as q, the force coefficients,of the form CF’ and momen: coefficients,

of the form () are related to their respective forces (F) and moments

(M) by the following typical expressions:

Cp

F/qS

M/qSd

Cm

where q = 1/25v?2 (pounds per square foot)

o = atmospheric density (slugs per cubic foot)
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These coefficients which depend on angular rates are further defined in a
standard form of dimensionless angular rate in the form

c. . &m
Mo o
The rolling moment €L is defined about the aerodynamic roll axis XA’ which
forms the intersection between the disk plane and the aerodynamic plane., It
is considered to be made up of a static moment due to spin and angle of attack,
called the Magnus moment, and the roll damping due to roll rate P A about
the aerodynamic roll axis, The Magnus moment coefficient is normalized
to spin rate in the from C!w, which is itself a function of angle of attack, and

the roll damping is of the standard form C! . These coefficients, as is the

pitchdamping, are madedimensionlessby thgstandard aforementioned approach
of normalizing them to the dimensionless pitch, roll, or spinrates (or reduced
frequency) - Q, d/2V, P, d/2V, wd/2V. Inthe caseofroll, the parameter is
sometimes called the equivalent roll helix angle, and for spin it is usually
called the peripheral speed ratio and sometimes expressed as (Vr/V). The
use of the d/2 in these reduced frequencies reflects both aircraft practice in
the case of the roll helix angle and the relationship of the Magnus effect or
airfoil circulation to the surface velocity, However, many ballisticians do
not use the factor of 2 in their definitions, so that care must be taken in
comparing and or using data from different sources,

The yawing moment ¢V is defined about the positive spin axis ZA' and, in
this case, is considered to consist of any spin torques. For a symmetrical
disk with no driving vanes, the aerodynamic torque coefficient would consist

of only the spin damping coefficient (Cn ). No data are available on the
w
actual magnitude and angle of attack dependence of this coefficient since its

effect was undetected in tests so far, If there are aerodynamic driving

torques, these would be expressed as Cn s
o
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Spin torques and/or jet damping due to the flare exhaust would require special
definitions tailored to the assumed characteristics (usually related to thrust

and/or mass flow rates),

The inertial and dynamic axes used for analysis of the flight dynamics will be
presented in detail in Appendix B,

¢

In this repor’f, the word camber will be used to refer to the curvature of the
centerline of a cross section of the disk. In airfoil theory, the characteristics
of a basic finite thickness symmetrical airfoil may be considered to be super-
impoaed on the effects of the curvature and orientation of an infinitesimally
thin (or flat plate) airfoil, Most low-speed aircraft have thick airfoils whose
camber is at least sufficient to provide flat lower surfaces, while in the
Wright brothers aircraft the wings were essentially cambered flat plate air-

foils,

4, Trajectory Simulation Development

On the basis of the sepaiation of the high frequency dynamic motions from
the slow precession and linear velocities defining the trajectory, a quasi-
steady math model and digital computer program were developed to simulate
flare trajectories, This program allows for gyroscopic precession under
the aerodynamic moments and translation under the aerodynamic forces
experienced as a function of angle of attack, spin, and angular rates,

The forces are considered radial (axial) and normal to the disk, and the
moments are considered to be either overturning (pitching) in the aerodynamic
plane or rolling about a radial axis in the plane. The program allows for

spin decay under air friction. It allows for linear decrease of mass with
time, but this linearity could casily be modified for a nonlinear rate. The
mass is assumed to be lost from the inner surface of an annulus of pyro-
technic, The aerodynamic forces and moment coefficients defined in
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section I, A, 3, may be tabulated as a function of the cavity radius of this
annulus for four values of cavity radius, or as one function representing a
solid body or a burning body with negligible change in aerodynamics,

The aerodynamic forces and moments are assumed to by symmetrical with
respect to the aerodynamic plane containing the velocity vector and the spin
axis, except for the Magnus moment which is the rolling moment induced by
the interaction of spin and the airflow. At the present time this Magnus
rolling moment coefficient is assumed to be a parametric fraction of the
pitching moment coefficient, The fraction KM can be varied, or, in effect,
the aerodynamic plane could be considered to be rotated slightly by the spin,

The program can be com!nanded to simulate a nonprecessing constant attitude
trajectory, This permits definition of desired reference trajectories, and in
this mode the aerodynamic moments do not have to be known or assumed,

A truncated version of the nonprecessing trajectory simulation has also been
used for special in-house preliminary studies on a teletype console time
shared computer, The unpullished special program in the PACTOLUS
language was expected to be useful for remote operation from Hurricane Mesa,
but the phone lines/party lines would not have permitted it, Its use was
inspired by the apparent negligihle precession in the first series of Hurricane
Mesa tests,

A sample of some early trajectories used in examining the initial Hurricane
Mesa tests and planning later tests is shown in Figure 6, The shaded area
indicates possible variability in the Hurricane Mesa face at impact, Agree-
ment was considered reasonable at that stage of development for the 50 foot
per second launcher. The figure indicated that it would require a 150 foot per
second launch velocity to utilize the maximum vertical drop available at
Hurricane Mesa,
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5. Preliminary Flight Dynamics Analyses

Trajectory simulations and analytical solutions were used to study the flight
dynamics of the flare., These investigations involved primarily planar tra-
jectories for flares which were assuraied not to precess, and which, therefore,
required only lift and drag force predictions, and studies of precessing bodies
with available aerodynamic moment data, The studies were initiated with
estimated data, and measured data were used as they became available,

Some interesting and worthwhile effects were observed in these early planar
analyses and exploited or observed physically in subsequent investigations.
It was found trat the orientation of the disk (held constant) was the dominant
influence in determining the terminal flight behavior, rather than the initial
flight path direction. There was little difference for a level disk whether
tossed level, upward, or downward, but if tipped, there was a significant
difference, If tipped edgedown, it would travel farther (han the level, and,
if tipped edgeup, it would go less far or even ccme back, This can be
observed for frisbees and clay pigeons also, There appeared to be some
optimum orientation for gliding rather than falling, and, in one case, it
appeared capable of keeping up with the launch aircraft. Disks rolled to the
right would eventually reach a straight glide path to the right.

The effect of the different actual angle of attack histories on a freely precess-
ing disk is another problem, The response of disks permitted to precess

was disappointing in these early studies,especially with preliminary aero-
dynamic estimates which turned out to correspond to unrealistically thin
disks, The disks would precess in roll, eventually reaching a vertical orien-
tation which eliminated the angle of attack, While quite nonlinear, the rapidity
of precession increased with launch speed and decreased with spin or inertia,

The most baffling results were those preliminary results obtained with pre-
liminary clay pigeon data, since, although no one was sure that a disk would
fly aside from the limited Hurricane %i::a tests, a clay pigeon does success-
fully fly, |
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An attempt was made to match the significant parameters of a typical trap
range trajectory using photo data on velocity and spin, but the initial pre-
cession under the unsymmetrical moment and the precession and travel at
impact at first did not appear to be consistent with the clay pigeon's reputa-
tion of successful flight, Of course, the most experienced observers of clay
pigeon flight were the least likely to have observed a large number of com-
plete trajectories, and the launch dispersion, wind effects, and lack of quan-
titative historical data macde it impossible to define departure from the launch
plane at impact. As a matter of fact, calculated path departure was within
the realm of reasonable dispersion, Later results (in section IV, B, 1)
showed a reasonable precession history.

As a means of checking the simulation results, examining dynamic stability,

and possibly obtaining design criteria, the equations of motion were linearized

and a solution attempt was made for stability roots and/or dynamic response,

These early and limited analytical studies validated the assumption of motion
separation used in the trajectory analysis, They also appeared to validate

the predicted roll precession of right circular cylinders using estimated and

wind tunnel data by identifying the primary forcing function of gravity but not

any compensating stabilizing terms., They did not correlate with the well-

known behavior of frisbees and clay pigeons and the apparent behavior of the

dummy flares at Hurricane Mesa, The latter, however, changed direction

and velocity far outside the bounds of the linear analysis and, of course, were
considerably thicker than the configurations for which data were available.

The preliminary analytical solutions indicated that the Magnus (rolling)

aerodynamic moment due to spin was a stabilizing influence so that perhaps

this was much greater than anticipated. They also indicated that the smaller

the pitching moment, the better, so that perhaps the pitching moment was

much lower than measured without spin, The preliminary analytical solutions i
also did not appear to properly account for the effects of the camber of the ]

clay pigeon and frisbee shapes.

These preliminary analytical solutions were later extended to obtain criteria
which did account for and explain these camber effects, which correlate
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with observed behavior, and which serve as guidelines for future efforts
on the Self-Suspended Flare. These criteria are presented in section IV, B, 2,

6. Fuzing Investigations

As an aid to planning both aerodynamic and flare and fuze design activities/
requirements, a cursory examination was made of potential fuzing concepts.
The goal was to provide ignition at the optimum altitude with a preset sealed
device that did not require setting at launch. The preferred approach at
NAD/Crane at the outset was to calibrate Spih decay with altitude loss from
launch. However, because of indications that this might not be a valid fuzing
signature, other concepts were examined. Concepts examined and discussed
with the Project Engineer included the following:

. Spin decay (settable) = arming by a combination of spin velocity and spin
acceleration, and firing by spin decay.

Mechanical pyrotechnic delay (settable in six increments) - arming by
a borerider pull pin and spin velocity, and firing by pyrotechnic delay.
!

Barometric pressure (settable or preset) — arming by spin and differ-
ential dynamic pressures, and firing by barometric pressure,

These concepts were not carried beyond the conceptual stage, but helped to
focus mutual attention on requirements, constraints, possible approaches,
and the aerodynamic contractor's capability for providing or developing what-
ever type of fuzing device might be required at any stage of Self-Suspended
Flare development, from experimental to production.

To Aerodynamic Investigations

Relatively unsuccessful literature searches were made to obtain aerodynamic
data on flying disks. The only one obtained from a DDC search, an Israeli
report,.; concentrated on the purely rotational stability theory, with results
corresponding to those of the writer, but it neither included the translational
trajectory/gravity effects nor offered aerodynamic data, A paper was
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discovered through word-of-mouth on the lift and drag of the discus which
included another application of the optimum initial orientation phenomenon.
As the Aerodynamic Analysis of the Self-Suspended Flare progressed, some
college professors indicated informally that their students had made un-
published wind tunnel tests on frisbees with conventional external balances.
The available data had varying amounts of correlation with that obtained in
this study. One case showed the only spin effect to occur at a very high spin
rate, with a sudden spike in the data which does not correspond to any of the
usual spin scaling parameters except apparently the critical Reynolds number
for that specific condition.

A few references were found on thin disks and/or cylinders, From the
available data base, surprisingly good estimates were made in order to
initiate the dynamic analyses and to make the wind tunnel tests, which would
be the prime source of quantitative data, more meaningful.

When completed, these wind tunnel data were scrutinized and estimates
updated to cover configurations of interest for which tests were not avail-
able, These scrutiny/estimates picked up the trends of the effects of thick-
ness and corner radius leading to synthesis of new candidate test configura-
tions expected to bracket the desired effects. While the effect of detailed
corner radius on basically cylindrical bodies was not yet isolated, there
seemed to be a definite effect of thickness and of gross corner radius.

A brief study was made of the effects of flare plume on the aerodynamics,.

With the magnitudes of flame pressure and temperature supplied by NAD/
Crane, this analysis indicated that the flare plume would have a negligible
effect on the aerodynamics., The aerodynamic characteristics would then
correspond to the equivalent hollow cool body. It was considered desirable
to conduct a more detailed study at some future date, but such a study was

beyond the scope of this project,

An example of the aerodynamic data obtained or extrapolated is shown i.n
Figure 7. More detailed results are presented and discussed in section
IV. B. 3.
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8. Preliminary Hurricane Mesa Tests

Near the outset of the aerodynamics analysis, a preliminary investigation

cf the use of Hurricane Mesa for free-flight tests was conducted by NAD/
Crane and the Denver Research Institute, Although remote, this site offered,
in addition to sheer drops, the availability of electrical power, shops, dark
room, launch and camera stations, access to both top and impact areas, and

a sled track.

Dummy flares representing right circular cylinders 12 and 8 inches in
diameter and 2 inches thick and expected flare density were launched at
maximum velocity and spin and primarily in a level orientation, One was
launched with the launcher rolled abou* 15 degrees. The trajectories were
quite repeatable and, in general, correlated well with computer calculations
for nonrolling flares within the limits of the site survey data available,

One -half pound, 4-inch disks were not correlated because the launches were
not repeatable, They were more subject to the winds and were not used

in later tests,

The dummy flares did not appear to roll any significant amount, Computer
predictions with estimated data based on thin disks and later with measured

data for an 8:1 diameter-to-thickness disk (section IV, B. 3, ) indication a

relatively severe amount of rotation, as did the available linear theory,

This apparent lack of correlation provided a strong incentive for the later

detailed free-flight and wind tunnel testing, With hindsight, the differences

could be largely attributed to the differences in thickness assumed in the

computer studies and that actually flown. The wind tunnel model was for

an 8:1 diameter-to-thickness ratio, the 8-inch dummy flares were 4:1, the

12-inch dummies were 6:1, and the first coefficient estimate was for essen- {
tially infinite ratio, |
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9. Nonspinning Wind Tunnel Tests

During the early planning of the analysis, it was anticipated that the flare
could possibly be exhausting from both the top and bottom of the grain cavity,
so that the aerodynamic configuration would be an annulus with increasing
hole size (doughnut), rather than an inverted cup with increasing bottom
cavity diameter as was actually the preferred configuration,

Support of either a spinning annulus or a hollow cup on a wind tunnel sting
was considered beyond the scope of the project., Best estimates were that
the spin-dependent aerodynamic terms were not large enough to justify the
expense involved in devising fixtures to measure them, Thus, the decision
was made to perform initial studies with nonspinning models in order to
maximize the number of configuration variations examined.

The other consideration in wind tunnel fixture design was the necessity to
place the ''center' of the strain gage balance as close as possible to the
center of the model to maximize sensitivity to the forces and moments., This
could not be done with an internal balance on hollow models. Therefore, a
side mount was used to place the pitch measurement gages in line with the
pitch axis, This would also make it easier to cover the full range of 0-90

degrees in angle of attack.

A typical mount is shown in Figure 8. In this case the complex clay pigeon
configuration was obtained by plastic molding, The other models, the right
circular cylinder and the frisbee shape, were machined from aluminum,

The results of these tests correlated fairly well with each other and with
preliminary estimates and with some available discus data. The most
severe disagreement with preliminary estimates was in a favorable direction,
The center of pressure of the thin disk was assumed relatively far forward
so that the estimated pitching moments were considerably larger than those
measured, The more airfoil-like bodies had a more pronounced stall-peak
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on both normal force and pitching moment than did the cylinder, but all had
similar trends before and after stall, As expected, from conventional airfoil
practice and theory, the cambered (domed) clay pigeon and frisbee had a
definite shift of the symmetry of the moment curves so that the aerodynamic
pitching moment was zero at a finite angle of attack rather than at zero, The
hollow counterparts had more pronounced reductions of moment and greater
shift of the moment curve intercepts,

A spring restrained oscillatory side mount fixture was used to examine
aerodynamic pitch damping. The damping coefficients were quite small and
of questionable sign. Therefore, the results may have been masked by the
nonlinear hysterisis type instability often displayed by thin disks in free
oscillation in response to separation from the body itself or to flow turbulence,

While the side mount provided measurement sensitivity advantages, it also
introduced the problem of flow interference, both external and internal (for
hollow models), The internal interference could have caused the measured
moments to be too high and therefore conservative, The interference also
could have caused drag results to be too high, since the lift-to-drag ratio
appears to be 15 - 20 percent too low to correspond with informal flight

observations,

10, Interim Investigations

As a result of the apparent inconsistencies between preliminary free-flight
tests, analytical solutions, and simulation results with available nonspinning
wind tunnel data, it was concluded that either there was a greater spin
dependence of the aerodynamics than anticipated, causing a drastic reduction
in overturning moment, or there was a stabilizing aerodynamic mode ignored
in the simulation,

A short exploration of this problem area and of approaches to the solution
was undertaken, This included observation of a smoke tunnel flow, observation
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of and consideration of instrumentation of three-degree-of-freedom wind
tunnel motion, investigations of fixture designs for wind tunnel measurements
of spinning models, and consideration of free-flight approachev, These

brief explorations were undertaken at Honeywell and through consultation at
Notre Dame, Consideration was also given to magnetic suspension at MIT,

The Notre Dame smoke tunnel flow over a spinning clay pigeon (Figure 9)
showed a considerable degree of three dimensional effect, and indicated some
slight variation with spin, but not enough to represent a drastic reduction in
pitching moment from that of a nonspinning body. Three-degree-of-freedom
observations of symmetrical disks on Notre Dame's jewel bearing and
Honeywell's gas bearing displayed unexpected levels of attitude stability with
slow coning which do not agree with linear theory and could be attributed to
mass unbalance or the sought for neutral overturning moment,

This three-degree-of-freedom behavior indicated that it might be feasible to
support a model for 3 degree-of-freedom tests, but the computer program
required to extract the aerodynamic coefficients was not available and would
require time and expense to develop. The programs available at that time
assumed solutions for quasi-symmetrical bodies such as projectiles and
missiles with spin axes near the velocity vector and which have symmetrical
differential equations. Because these symmetrical equations assume com-
parable aerodynamic stiffness for both angular rotations of interest (pitch
and yaw), they are not applicable to gliding disks (pitch and roll) or gliding
flettners (yaw and roll) in which there is no aerodynamic moment due to roll,
They would be applicable to flight with the flarc broadside to the flow, how-
ever,

Concurrent discussions with Notre Dame regarding free-flight techniques
brought out some of the difficulties and possible approaches to motion simu-
lation and data extraction, The value of light weight models for amplification
of dynamic motions to assist in instrumentation was emphasized,
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The effect of the support on three-degree-of-freedom data is another area
of concern, Discussion of magnetic wind tunnel support systems with Dr.
Covert of MIT indicated that present systems would necessitate small
(quarter/half dollar sizes) models, and additional development of test data
extraction techniques would be required to obtain six-component data from
spinning models,

From these investigations, it appeared that the least additional time and cost
would be required for a plan involving free-flight tests and aerodynamic data
extraction at Hurricane Mesa, because a basic project and equipment were
already well underway, and a six-component wind tunnel test of a spinning
solid cylinder model, because, if successful, quantitative data would be
directly measured to define the effect of spin on the overturning moment.
The technique proposed would increase the sensitivity of pitching moment
measurements,

Subsequent adoption of this interim plan resulted in project redirection to
participate in the Hurricane Mesa tests, reduce the test data, build and test
a spinning wind tunnel feasibility model, and incorporate the results in the
dynamic analysis of the flare behavior,

11, Hurricane Mesa Tests

In conjunction with the NAD/Crane Project Engineer, it was concluded that
the most expedient approach within the available time and funds would be to
attempt to extract dynamic motion and/or aerodynamic data from the Hurri-
cane Mesa free-flight tests which were already scheduled for live flare tests
and formal recording of nominal trajectories, This approach would involve
addition of special models and test conditions and additional instrumentation,
The aerodynamics contractor contributed planning knowledge, data require-
ments, equipment and personnel to these augmented experiments and instru-
mentation,
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The tracking station cameraman employed by the aerodynamics contractor
had several years of experience as a cameraman at Hurricane Mesa, The
aerodynamics principal investigator made on-site observations of all tests
and provided selection and modifications of the special configurations,

These on-site observations and experiment selections based on early behavior
observations were more useful than the preplanned aerodynamic experiments
and quantitative data, a3 often turns out to be the case.

The tests were conduct:d in November 1969, The special models and test
conditions devised by the contractor included removal of steel ballast and/or
wood layers from some of the standard dummy flares prepared by the test
contractor, removal of upper corners to simulate frisbee/clay pigeon con-
tours, edge painting, and cross hairs, and tilting the launcher. Figure 10
presents typical dummy flare configuraticns (unpainted).

In addition to the launcher at the launch site, there was a tracking camera
with zoom lens above the launcher on a forklift (not usable for live firings),
a test number board visible to tracking cameras, a launch signal flash bulb,
and camera synchronizing and timing electronics,

At the control site, a safe distance from boresite on the edge of the cliff,
was located the launch control box which controlled launch and ignition event
pulses to the synchronizing circuits and the flashbulb., At the tracking sight,
there was a ''tracking'' camera with telephoto lens mounted on a panhead with
pickoffs for aximuth and elevation, a data camera recording box, panoramic
motion picture camera, and associated timing electronics, These were
supplemented by a panoramic still camera for the live tlare tests.(See Fig-
ures 11, 12, 13, 14 and 15).

Below the launch site on the sloping shoulder of Hurricane Mesa was placed
a grid marking at 1 degree intervals of line-of-sight depression from the
boresight station, The markers were 5 foot horizontal poles with alternating
1 foot red and white stripes.
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Figure 13, Hurricane Mesa launch Site Arrangement
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Figure 14. Top View of {'lare launcher
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For the particular system evolved, the maximum possible data was obtained.
One feature contributing to maximizing data was the use of color film on all
the tracking cameras to provide contrast with the rugged terrain,

The results of the Hurricane Mesa tests were somewhat spectacular and
unexpected, Some of the modified dummy flares greatly amplified the pre-
cessional motions, which were not perceptible for the standard dummy flares
in these or earlier preliminary tests,instead of the hoped for stable coning
modes, The live flares developed sufficient thrust to climb above the mesa
instead of falling at the predicted rate along the basic parabolic path of the
dummy flares. Lighter, thinner dummy flares rolled to the left on the order
of 10-30 degrees, thus curving the path significantly from the nominal plane,
When launched at a downward angle, they rolled to the left until edge-on
after even greater trajectory curvature. Even at full or greater weight,
dummies with rounded corners; that is solid frisbee/clay pigeon shapes,
peeled off quite significantly. In some cases, the initial rapid roll preces-
sion appeared to stop or slow down and the disks attempted to glide in a
manner corresponding to this new orientation, as predicted by nonprecessing
nonrolling theory in computer runs. As a matter of fact, one case was
"gliding" so well that it was airborne at least 10 seconds even though it
impacted near the base of the cliff instead of the usual 6-7 second drop to the
nominal impact area down the sloping shoulder, These manifestations of
steady precession without visible wobble tended to validate the precessional ‘
model used in the trajectory computer program, especially since closer
scrutiny and/or parametric analysis indicated that the scaled precession of
standard dummy flares might not be readily perceptible under the Hurricane
Mesa test conditions.

Continual strong updrafts made it impossible to conduct instrumented

experiments with standard toy or oversized toy frisbees. The updrafts also
tend to cloud the quantitative data reduction for the dummy flares,
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Meaningful observations of clay pigeon flight which tend to validate the
criteria developed were obtained in spite of the high winds, however, It was
relatively easy to find a stable nose-down orientation which would glide
"wings level' at a stable equilibrium velocity. The straight line flight path
would undergo changes in direction as wind direction shifted with altitude,
but few cases of precession or curving back into the mesa were observed,

It was guessed that some had traveled 1/4 mile before impact far down on
the base of the mesa. Unfortunately, no quantitative data were obtainable

on these flights,

In all analyses, it has been assumed that the flare would generate negligible
thrust on the basis of illumination requirements and preliminary pressure
estimates at NAD/Crane. Due to a combination of factors, most of the live
flares generated sufficient thrust to halt the fall of the flare and lift it above
the top of the mesa. The one flare which did not rise, of course, provided
considerable illumination of the face of the mesa (Figure 16). The rising
flares are typified by Figure 17. The flares were apparently quite stable
during both descending and ascending flights although there was an impression
of tilting toward the tracking site that caused a lapse of tracking on one flight.

The launcher was developed by the flight test contractor as originally speci-
fied by NAD/Crane for carriage in a light aircraft so that its primary pur-
pose was 'to impart a controllable pre-spin and sufficient velocity for safe
separation, It uses a pneumatic cylinder to drive a carriage which mounts

a turntable on which the flare is placed. The launcher, consisting of a rubber
belt wrapped around the disk, a turntable, and an idler, imparts 1000 rpm

to a 12 ianch, 12 pound disk while the carriage imparts a 50 foot per second

velocity.

This velocity would seem to provide a safety margin for early air launches
and did provide a free-flight spinning environment for the live flares, but
it was not sufficient to provide a ground based simulation of air launch, It
did not use the range capability of the Hurricane Mesa, although greater
range would have strained the instrumentation capability.

-44-









Almost a mile of movie film plus numerous still negatives were obtained
from the test series (48 official launches).

The trajectories obtained for standard dummy flares agreed fairly well with
predictions for the launch conditions, and the observed precessions tended
to validate the precessional computer program. There was reasonable
correlation with the analytical criteria solution, but the rapid change in
angle of attack for the low speed launch and velocity variations makes it
difficult to correlate such linearized analyses closely and makes it impossi-
ble to use these solutions to extract the desired aerodynamic coefficients.

A better simulation would have required much higher launch velocities (per-
haps from a sled or aircraft).

While not successful in producing quantitative data, not too much had been
expected, and these tests were valuable because they did provide qualitative
validation of the math models and insight into the dynamic criteria, revealed
problems in flare design, gave experience in field testing and data collection,

and led to experience in data reduction,

12, Hurricane Mesa Data Reduction

Plans for reducing the Hurricane Mesa test films by the aerodynamics con-
tractor were predicted on the availability of film reading equipment with an
automatic computer input interface and personnel familiar with film data
extraction, with Hurricane Mesa itself, and with the math models for which
the data were intended and ‘..e availability of large and small computers and
their associated programmers. The film-reader and interface could record
crosshair position and angle or change therein and frame number or time.

It soon became apparent that it was not feasible to write a master program
which would accept inputs from all cameras and print out position, attitude,
and aerodynamic data, even though the maximum obtainable data and generally
high quality photography were generated. Each test had to be examined
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separately, and the most appropriate combination of film data correlation
assumptions and computation applied, This often involved multiple readings
of the same camera and/or use of data from another camera to interpret or
compute a set of parameters,

It was recognized fairly early that no quantitative attitude data would be
obtained because no operator(s) could consistently locate and measure the
axes of the elliptical image of the flare, which varied from a line to a near
circle,

As could be expected in such a system, there were lapses in synchronization
or timing signals, but conditions were repeatable enough to justify attempts
to reconstruct or ignore these data in many cases,

It was found that the most convenient approach to trajectory position data
extraction was terrain matching. This was especially true for the boresight
camera because the curving flight path and narrow fields of view caused
drastic departure of the flare image from the test range grid, which itself
was limited by terrain., It was relatively easy, however, to recognize the
prominent terrain features in the motion picture films and to locate them

on still pictures made of the terrain from both tracking and boresight stations.
Coordinates of the images on these stills were corrected for camera orien-
tation, itself extracted from image position of reference points,to obtain
These angles for boresight and tracking
were combined to determine three-dimensional flare position coordinates.

measures of line of sight "angles. "

The boresight calculations required zoom lens calibration of focal length
variation with time from event and image size measurement,

The planar trajectories obtained for standard inert flares agreed reasonably
well with previous computer predictions, but attempts to extract detailed
motion parameters from these, and especially from precessing special
flares, were not particularly successful, This disappointing return on effort
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expended reflected a combination of factors which included data scatter,
intermittent gaps in data, poor resolution near the launch, strong updrafts,
unknown atmospheric density, the difficulties in instrumentation and calibra-
tion due to the terrain, impracticality of reading an adequate number of
points for accurate data fitting, and the multiple differentiation required

and the unavailability of standard software for these special cases, All
parties were aware of the gamble involved,

13, Spinning Model Wind Tunnel Tests

A spinning model was made and tested to obtain data and check the feasibility
of the proposed technique, The model consisted of a nonspinning center ring
to which the rear sting was attached and upper and lower spinning disks
connected by a through shaft (see Figure 18), These disks were spun by a
cold-gas turbine mounted on the shaft, The 8 inch diameter model tested
had a 4:1 thickness to diameter ratio so that it was essentially a full sized
mockup of the 8 inch diameter live flares launched at Hurricane Mesa. The
Hurricane Mesa tests indicated that the thicker shape would be more stable,
and, as expected, the pitching moment was smaller and virtually neutral at
lower angles of attack. The spin effect itself was small, The internal
mechanism precluded use of much thinner shapes or large cavities, but a
variety of corner radii and bottom cavity contours can be accommodated
with modifications of the upper and lower disks, The turbine will require
modification if higher spin rates are desired.

This model is suitable for both spinning and nonspinning tests.
This model reflected our experience that the level of moments being con-
sidered cannot be accurately measured with balances that are displaced from

the model center let alone exterior to the model. Thus, the accurate meas-
urement of moments on a thin hollow body is still a problem area.

-49-




uornjerelsu] [9poN [duun], pury Suruurdg

"81 2an3ryg

-50-



To maximize sensitivity in pitch in order to detect the anticipated spin effect

on pitching moment, the strain gage balance was placed to the side of thebearing
assembly so that its pitch center was aligned with the spin axis (see Figure 19),
This meant that the roll center was displaced approximately 1 inch and pro-
duced strong coupling of the normal force into the roll gage, making it
extremely difficult to detect small Magnus moments, Since the balance could
not be placed at the center because of the bearing .nd turbine, solution of

this sensitivity conflict with standard six-component balances would require
either two separate, partially redundant, balances or two passes with the

same balance relocated between passes.

Existing so called Magnus balances are designed for the stiffness/sensitivity/
geometry requirements of symmetrical projectiles, Consequently, it would
require a specially designed and built yoke and gage assembly with the gages
separated to provide the required sensitivity for this special configuration,
This delicate device could be relatively expensive,

Indications are that the Magnus moment must have been insignificant on the
shapes tested so far but that it could become more important for the thicker
shapes envisioned as a desirable direction for study. Consequently, con-
sideration should be given to construction of such a special device for future

investigations.

14, Stability/Precession Criteria-

On the basis of the observations of Hurricane Mesa flight of the standard
and special dummy flares and clay pigeons, the preliminary analytical
solutions were updated and re-examined, The test observations revealed no
evidence of a dynamic mode stable about the vertical, but rather steady
precession '"proportional' to aerodynamics and gyroscopic stiffness, The
re-examination revealed the sought for effect of camber which both provided
nonprecessing flight for the actual clay pigeons and frisbees, but caused the
precession of the solid frisbee/clay pigeon shaped dummy flares, recon-
firmed the forcing effect of gravity drop, and reinforced the validity of the

trajectory math model,
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‘These analysis provided an explanation of the flight of the toy frisbee and
tentative criteria for application of the principle to ordnance delivery.

These preliminary criteria presented in section IV. B, 2. represent an inter-
action of configuration spin and delivery conditions which are easily satisfied
for the frisbee and the clay pigeons tossed from Hurricane Mesa, Satisfaction
for dense flares or munitions may require a brute force approach if the
frisbee analogy is not practical.

The criteria may be summarized as follows,

A spinning thin disk will precess (roll) about its velocity vector if there is an
aerodynamic moment resulting from its inclination to the flow. A cupped or
domed disk will have a neutral aerodynamic moment at a particular inclina-

tion (angle of attack) at which angle it will alsc generate finite lift.,

If the lift equals the weight at this angle of attack, the disk will stay at that
angle of attack without precessing.

If the orientation and glide angle are such that the velocity stays constant,
this condition could continue indefinitely.

15, Trajectory Computations

Subsequent to the wind tunnel tests, the trajectory program was exercised
with data and launch conditions derived from the 4:1 cylinder wind tunnel
tests, the Hurricane Mesa tests, the frisbee/pigeon tests, and the insights
gained from scrutiny of the linearized precessional criteria, There were
varying degrees of correlation with flight observations and criteria inter-
pretations., See Section IV, B, 1, for typical results.

For the clay pigeon/frisbee, results were obtained for simulated trap range
or downhill tosses that appear to be within the limits of visual observation
under the normal terrain and wind conditions and the variations in measured
lift and drag.
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" Closer examination of the roll precession for simulated standard Hurricane
Mesa launches of standard flares led to the observation that the computed
roll angles near impact could very well not be detectable at the distances
involved even with a less angular background.

Attempts to find a launch angle/velocity/spin combination that would give
negligible precession by gliding at a neutral point for the 4:1 cylinder were -
not completely successful because the aerodynamic moment was apparently

still too large during the transient to the neutral point, It is hoped a thicker

disk will give the desired level,

The effect of launch angle was not correlated with the Hurricane Mesa re-
sults. However, the roll increase could be attributed to the fact that the
level launch would cause the disk to pass through a stall point and reach
the lower moments attendant to high angles of attack, while the inclined
launches would stay at lower anglesof attack and high moments longer.

16, Recent Efforts

Results were not yet conclusive concerning feasibility or required configura-
tions. On the basis of the trends established by the wind tunnel data and the
alternatives offered by the criteria, an outline of the next iterations in con-
figu;'ation was drawn up., These configurations included increases in thick-
ness, variations in corner radii, variations in depth of a partial cavity which
would still leave pyrotechnic volume, and combinations thereof. These
studies would hopefully isolate the separate effects which were combined in
the typical candidate configurations tested so far. Funds did not permit
pursuit of this or of any other attacks on solution so that they must be

reserved for future efforts.

Discussions were held with the NAD/Crane Project Engineer regarding air
drops. It was concluded that the most expedient approach to simulation,
feasibility evaluation, and test instrumentation development would be preliminary.
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drops of inert flares at NAD/Crane with available aircraft and manual
tracking photography. This would reveal the problems to be anticipated in
more formal instrumented drops of inert and live flares,

These technical efforts have been suspended pending further authorization
and flight test activity.

It should be noted that tracking photographs of recent gas gun tests using
spinning circular sabots launched edge-on with the disk vertical showed a
tendency to roll-out towards ''wings level, '' nose downhill flight in a manner
analogous to that of a frisbee tossed on-edge. Exploitation of this prelimi-
nary impression obtained from light-weight sabots to dense flares was not
possible since it was obtained after suspension of technical activity, How-
ever, it bears consideration in future studies as a possible means of auto-
matically compensating for the launch transient that would otherwise have

to be calibrated,
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B. RESULTS

Typical results of the efforts described in section IV.Aare presented in the
following subsections collected under the following categories:

. Theoretical trajectories.
. Stability/precession criteria,

. Configuration aerodynamics characteristics.
. Free-flight testing.
. Math models.

These results are supplemented by the appendices to this final report.

1, Theoretical Trajectories

During the aerodynamic analysis, computer simulations were performed on
the flight trajectories of prototype flare concepts with a range of constraints
on orientation and mass. Most of the prototype flare studies were made with
nonprecessing modes of the simulations to determine idealized reference
planar trajectories while searching for a configuration which would fly

stably and/or for the criteria it must satisfy. Since there could be an in-
definite altitude loss between launch and desired ignition altitudes, the
trajectory behavior of inert flares was studied. Since it was initially
assumed that burning pressures would not produce thrust, simulations were
run with mass loss corresponding to burning with and without thrust and

with and without effects of this volume loss on the aerodynamics. Because
their supposedly well known behavior helped inspire the concept and their
contours reprasented easily identifiable candidate flare configuration
variations, simulations of the flight of clay pigeons and toy frisbhees were
utilized to check the computer math models and analytical criteria developed.
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a. Typical Nonprecessing Inert Flare Trajectories - A typical paramet-

ric analysis of the idealized flight of the flare prior to ignition is shown in

Figure 20 as a function of launch velocity for falls from launches at 10, 000

feet to ignition at 3000 feet or above. In this example, a 12 pound, 12-inch-
diameter, 2-inch-thick flare was assumed to be launched in level flight in a

level orientation and held gyroscopically in that orientation throughout the .
flight. Similar curves were obtained for other sizes.

b. Typical Trajectories for Clay Pigeons and Frisbees - In order to
validate the precessional computer program and the precession criteria
of SectionIV.B.2 relating to both aerodynamic characteristics and delivery
conditions, the following runs were made using the measured aerodynamic

data.

Figure 21 shows the results of the simulation of a toy frisbee toss from
a 50 foot elevation, with initial orientation as prescribed by the theory,
including a slight droop to the left as one naturally tosses a frisbee. Its 1
path is relatively straight and level (Figure 21). The peeloff (Figure 22) !
which does occur is well beyond the point at which a normal flight would

strike the ground.

It is felt that the computed glide path in Figure 21 was steeper than normally
expected for a frisbee for two reasons. The wind tunnel model mounting
may have given a lower than actual lift-to-drag ratio. Those shallow
recreational tosses which do not appear to peeloff probably strike the
ground first anyhow, and many do peeloff. This peeloff is explained by

the analytical model as due to slowdown because the flight is at a shallower
angle than that required for equilibrium glide.

Figures 23 and 24 illustrate the simulated behavior of the clay pigeon on a 1
trap range. Even through it never reaches a steady-state glide orientation
nor satisfies the available steady-state precession criteria, it did maintain
a relativély straight path and relatively constant orientation in the time 3
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before impact. The launch velocity and angle, peak altitude, and impact
point agree fairly well with preliminary motion picture data obtained at an
actual range, and the roll angle and cross range departure are considered
below the level of observation on a range subject to winds, gusts, erratic
launchers, and informally instrumented tests. Again, the behavior may
have been exaggerated slightly by interference effects on the measured
aerodynamics, but the computed behavior is considered to validate the math

model itself.

An even more dramatic validation of the math model and the precession
criteria is shown in Figures 25 and 26 for the simulated toss from a cliff
of a clay pigeon at the prescribed orientation for stable glide and near the
prescribed glide velocity. In this simulation, quite straight and "wings
level" flight was achieved for an indefinite period. This result correlates
with informal trials during the Hurricane Mesa tests. Clay pigeons tossed
downhill over the cliff flew stably in straight line segments which appeared
to correspond to wind direction changes and reached the base of the mesa
without turning into the cliff. Unfortunately, no photographic record

of this is available, but several of the observing personnel watched these
experiments while awaiting better weather for testing and/or photography.

c. Simulated Mesa Toss of Inert Flares - Figures 27 through 30 present
the results of the application of the trajectory simulation and the estimated
aerodynamics based on the available data to the Hurricane Mesa launches

of the 12-inch, 12-pound and 8-inch, 5-pound dummy flares, respectively.
As indicated by the impact point from flight test 35, there was reasonable
validation of the model and the data for the 12 inch, 12 pound unit. The
behavior of the 8-inch, 5-pound unit, similar to that of the live flares
launched at Hurricane Mesa, corresponded to the simulation, and if any-

thing, appeared slightly more stable at Hurricane Mesa.

The abrupt peeloff shown in the computed results occurred at times and
falls beyond that required for impact at Hurricane Mesa. The computed
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departure from a planar trajectory prior to this impact time was considered
below the threshold of visual observation against the rugged Hurricane Mesa
terrain. However, this prediction of extreme trajectory curvature for
greater falls, even at this low speed, raises questions concerning per-
formance at actual launch speeds and altitudes and/or the validity of the
models and data which can apparently only be answered by more realistic
flight simulation.

d. Simulated Air Drop of Inert Flare - Figures 31 and 32 illustrate the
application of the trajectory program and the associated aerodynamic data
for the 8-inch, 5-pound dummy flares to a higher launch speed (175 feet per
second), corresponding to the very low end of the air launch spectrum.

This shows a 200 foot cross range excursion of the flare in the first 10
seconds and a 30 degree excursion in roll, both of which would be percep-
tible to an observer. It is interesting to note that in Figures 27 through 32,
the roll angle has seemed to approach a steady-state value which would tend
to result in a steadily turning flight until the angle of attack approaches

equilibrium,

If this simulation result is valid, the flight performance would probably be
unacceptable, but there are enough inconsistencies and missing aerodynamic
data to indicate the need for more free-flight simulation.

e. Simulated Live Flare Trajectories - As displayed vividly in the live
tests at Hurricane Mesa, generation of thrust by the flare could provide a
truly self-suspended or over-suspended flare. Most of the trajectory analy-
ses performed were based on the pyrotechnic design intent of negligible

thrust, however.

(1) Effect of Mass Loss on Trajectory = Figures 33 and 34 present
some typical trajectories which were computed to show the effect of mass

loss due to burning on the trajectory of a stable flare.
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Figure 31. Simulated Air Launch of 8-Inch, 5-Pound Dummy Flare -

Position
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Figure 32. Simulated Air Launch of 8-Inch, 5-Pound Dummy Fiare -
Orientation Angles
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Figure 33, Typical Effect of Flare Mass Loss on Trajectory
of Nonprecessing 12-Inch, 12-Pound Flare
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Figure 34, Typical Effect of Flare Mass Loss on Trajectory :
of Nonprecessing 8-Inch, 5-Pound Flare
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These figures are for an arbitrary launch velocity of 200 feet per second,
which is a likely speed for preliminary live air drops and for light recon-
naisance aircraft. They cover typical diameter, weight, and burning time
combinations. On the figures, overlapping curves are shown for ignition
delays of 0, 2, 4, 6 and 10 seconds, while infinite ignition time refers to the
nonburning case for comparison. The nonburning cases have end points
corresponding to burning time for the burning items.

In these idealized planar trajectory simulations, the thrust was assumed to
be negligible, precession was assumed to be negligible with respect to a
level orientation and launch, and the effect of burning and mass loss and
cavity on the aerodynamics was assumed to be negligible on the same basis
as the assumption of negligible thrust. Because the aerodynamics did not
change, the net effect displayed was a balanced effect on accelerationsinboth
lift and drag directions. Burning just reduced the arc length distance
traveled compared to the distance along the path of an equivalent nonburn-

ing flare for a given amount of time.

This reduction was on the order of 1500 feet and 1000 feet of o jengt
the 12-inch, 12-pound and 8-inch, 5-pound flures. respectivel

In other calculations, the inclusion of cavity effect on hft resulted i
some deviation above the nonburning path. This effect might then provide
an additional 20 percent reduction in altitude loss over and above that due
to mass loss. This effect is not available for the latest aerodvnamic

configurations, however.
An example of the combined effects of thrust, mass loss and cavity is
shown for the 8:1 cylinder for which cavity data are available (Figures 35,

36, and 37).

In Figure 35, the computed trajectory for a "'live" thrusting 8:1 cylindrical
flare, assumed to have negligible precession for 15 seconds of burning time,
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Figure 35. Typical Effect of Thrust, Mass Loss, and Cavity
Aerodynamics on Nonprecessing Flare Trajectory
(8:1 Cylinder)
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