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Preface

Most of my time during the past six months has been spent preparing
for, working at, and finally completing this project. As time progress-
ed, I managed to develop at least a measure of proficiency in working
with the six degree of freedom equations of motion, was introduced to

P e

the utility of aerodynamic coefficients, and gained considerable exper-

ience working with a computer simulation. This learning experience, un-

like most of my rote textbook encounters, was found to be satisfying, re-

warding, and real. I also found the professional people I came in con-
tact with during the project to be knowledgable, motivated engineers
willing to share their time and talent. My association with my advisor,

Dr. D.W. Breuer of the Aeronautics and Astronautics department, Air Force

o “@mm‘mmm;w~,},>m, ey

Institute of Technology; Major Ed Mirmak, Air Force Avionics laboratory
who proposed the project; and Captain Bill Miklos, Flight Dynamics Lab-
oratory who provided the computer program, made the project not only pos-

sible but enjoyable. An enormous amount of expertise was available to me

through these people as well as from those who have previously documented
their efforts in this field. This project represents the conclusion to a
personal challenge of the first degree with its own reward at the time of
completion. If any part of it 1s ever useful to anyone else, then all

the effort is even more worthwhile.
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ABSTRACT

A 8ix degree of freedom computer simulation was used to investigate ;
the lateral progression of a free-fall ballistic trajectory due to spin
rate, Magnus aerodynamic coefficients and initial projectile pitching '%
motion. The increased spin rate extends the projectile impact point !i
both downrange and cross range due to a slight increase in time of flight
generated by a predominately positive angle of attack. The Magnus force,
Magnus moment and side force coefficients,under normal release conditions,

presents only a minor influence and can be omitted from the simulation

without altering the trajectory appreciably. If the release altitude is
sufficiently high, however, the small influence of these coefficients
could propagate to a correctable magnitude. Projectile oscillaiions en-
countered at release can increase the lateral progression of the trajec-
tory significantly, especially for high speed deliveries. Oscillations
induced by an initial pitch rate of the projectile generates consider-
ably more lateral deviation than an initial pitch displacement of equiv-
alent maximum amplitude. This increased lateral displacement causes a
corresponding decrease in range impact. Other observations concerning
the performance of a projectile following a ballistic trajectory are in-

cluded as support material in the last section of the study.
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MAGNUS EFFECTS ON
BALLISTIC TRAJECTORIES
I. Introduction
Purpose

This study uses computer simulations to investigate three factors
that effect a free-fall ballistic trajectory. The first objective is
to determine the relative influence of Magnus force, Magnus moment, and
side force coefficients. The next area of interest is the effect of os-
cillatory motion induced by initial pitch rate motion compared to ini-
tial pitch displacement of the projectile. The third set of simulations
determines how spin rate induced by the projectile fins alters the tra-
Jectory. :

The development of the equations of motion used in the computer
program is included in this study, followed by a discussion of the aero-
dynamic coefficients. The results of the simulations are presented in

the last section.

Background
A ballistic projectile is designed to spin so that a predictable tra-

Jectory is generated. Without spin, aerodynamic 1ift created by non-sym-
metrical shape resulting from manufacturing imperfections would cause the
projectile to fly away from the expécted ballistic trajectory. Spin is
also required for stability considerations. If the projectile has in-
sufficient angular momentum, it will eventually begin precessing and, if
the spin rate is in the neighborhood of the natural pitch frequency, it

Y
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may deveiop catastrophic yaw. Conversely, with excessive angular momen=-
tum, the projectile spin axis tends to become gyroscopically oriented
with respect to inertial space and will not track properly throughout
the trajectory. Conventional bombs are therefore designed so that a

spin rate is achieved that will maintain satisfactory stability within

either 1limit of spin rate (Ref 4164 & 12429). This spin, while desir-
able and necessary for a predictable trajectory, induces lateral errors
which are attributable to Magnus lift and a gyroscopically induced la- | 8

teral angle of attack. These effects are additive and can cause the bomb |

o to progressively deviate laterally.

Assumptions
The set of equations that completely describe the trajectory of a

spinning ballistic projectile are fully coupled, non-linear expressions
that are developed in dynamics texts (such as Ref 4:99). The solutions
to this set of equations requires extensive digital computer capability
even with the following simplifying assumptions:

1. The earth curvature, variation in terrain, and earth rotation
are neglected. For normal conventional weapon delivery airspeeds and

altitudes, no significant error is introduced since the range and time

of flight of the projectile is sufficiently small. This assumption eli-

. S

minates the earth reference and allows the advantage of direct transfor-
mations between the body and inertial reference frames (See Fig 1).

This greatly decreases the required computer time with no appreciable
loss in accuracy.

T h 2. The gravitational field is considered uniform over the entire

| C~ trajectory.

3. The corilolls acceleration is neglected even though it can have
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a small but discernable effect on the projectile impact point. For this
investigation, the change in trajectory is of primary interest, not the |
precise trajectory itself. Coriolis acceleration is addressed in Ap- |

pendix E but is not written into the computer program.

4. A standard atmosphere is assumed adequate for normal release
altitudes. The ARDC 1959 Model Atmosphere was used and no winds were
included in the simulation.

{
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;- . II. Mathematical Theory

Reference Frame Transformation Matrix

The orthogonal reference frame used in this development is the body |
fixed reference frame (XYZ) moving with respect to the inertial frame
(xyz). The origin of the body frame is located at the center of gravi-
ty of the projectile.

R EACT D X O PR R B B A

Fig. 1. Reference Frames

To facilitate the direction cosine matrix development, the body ref-

erence frame is rotated 90° in the negative direction about the X axis

to allign the YZ axes with the corresponding yz axes. The following se-

quence of Euler angles is then used to generate the direction cosine ma-
O trix (Ref 2:8)s yaw rotation ¥ about the y axis, pitch rotation © about

the new £’ axis, then roll rotation @ about the new x” axes.

y
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The resulting matrix iss

Bl €8 58 © cY 8 5y

0 CP sp ||-s8 ce o 0 [ '8 (1)
0 -5¢ c¢ 0] o | -Sy 0 CcV

which expands to a single Euler angle transformation so that the set of
equations describing the velocity vector is (Ref 7:110)s

! _ T

x cY o ;) ce sy v

| = |-sesy-cocyse coce spcy ~cosvse | | v

? -cpsy+spcyse  -spceo copcy + sosvse | | w
. (@)

Vhere x, ¥, Zz are the velocity components in the inertial reference
frame and u, v, v are the velocities along the body frame (Fig 2). s, C

denotes sine and cosine respectively.

Equations of Motion

‘The relationship between vector derivatives in any two reference

frames (where Z denotes any vector) can be expressed as (Ref 6:109):
R 1 SRR  SEN
Z:=2Z +WxZ (3)

Then, for a velocity vector V

)

<l
+
£l
x
<l

V=
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Consequently, F = ma = mV can be expressed in the reference frame of in-

terest as ? 'f

: F=mV+mODxV (5)
v The rotational parameters p, q, and r are defined as the angular '
] valocities about the X, Y, Z body axes respectively and u, v and v are 3
1

the linear velocity components along the X, Y, Z axes: g

- AT

T
Y

-d)

o o e A A S0 e A B

4?

N R S o

Fig. 2. Rotational and Linear Velocity Axes

e e et o o

The scalar components of equation 5 can be expressed in the body |
frame as (Ref 4:99)s ;

IR AT AP s <805  T YY A

Mm(U+gw - rv)
m(V+ru-Pw) €
m(ws+ PV —qu)

N AN
"
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i or, equivalently,
\ . 3
1Ry R W = rVv. 3
i j
L ]
w & PV -9qU
i
where the components of F are expressed as the combination of aerodyna-
mic and welght forces. !
{
{&#]=@S|& | -mg cpce (8) 3 ‘
g ¢ -s¢ce 1 1
where Q = %evaz = dynamic pressure : 1
S = cross sectional area
cx. cy. cz = aerodynamic force coefficients 1
This set of equations (Ref 2:111) describe the three translational de- :3
grees of freedom of a projectile as it proceeds along its path. Three ;

additional equations are needed to account for the spin, pitch and yaw

motion that will be encountered.
The expression relating the derivative of the angular momentum
vector between the body and inertial frame, from Eq 2, is

JON SRS bi _
h-=h+C'th ()

T At s e o

where

h [P
h= |TIy 9 | (20)
hy| I r

o e o

_.r
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The rate of change of angular momentum expressed in

for constant mass projectiles, is

I, P
I, 9 (1)

T

The origin of the body frame of reference is located at the center

of gravity of the projectile which eliminates the products of inertia
since the body frame is located on principal axes and the moment of in-
ertia about the y & z axes are equal., The scalar components of Eq 9

can therefore be written as

LP + 9ri1i; -1,]
1,9 + PriIe -1z]
M =My = T F o+ P9l1, - )

Since Iy = Iz for a projectile with rotational mass symmetry, this set

is equivalently presented as (Ref 2:11):

P My | ©
3l = (M| - (- P |-r
]’,f‘ My | 7

where the M vector is the moment produced by aerodynamic forces express-
ed as a function of the aerodynamic moment coefficients cL. cu. GN

(Ref 2112)s

R TN YT A A R M W A

SIS OIS T y
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- asd e
1 e _ " (%)
| My : Cu

where d is the diameter of the projectile.

Eqs 7 and 13 completely describe the motion of a six degree-of-

freedom ballistic projectile and form the basis of the six degree-of-
freedom computer program used in this investigation.

Differential Equations of Motion in Rotational Parameters

Euler angles provide an effective description of body orientation
in space and the heading, pitch and roll angles are easily visualized.
The transformation matrix of nine direction cosine elements, however,
requires considerable computer time to process the numerous trigono-
metric functions. Also, singularities in the differential equations a-
rise when the pitch angle of % 90° is reached, as well as inducing un-
acceptable truncation error when integrating in the neighborhood of the
singularity point. The use of Euler rotational parameters (sometimes
referred to as quaternions) provide a computational device that avoids
the singularity limitation of Euler angles. This system uses four pa-
rameters to fix the position of a body in space:s three direction co-

sine angles to specify the orientation of the spin axix, and another

rotational parameter to specify the amount of spin about that axis. In-

stead of working with nine direction cosine elements and six constraint

equations from the Euler set, the problem 1s now reduced to expressions
for the rate of change of the four quaternion parameters (7(., ):,,, X,,&
(o A',) and a single constraint equation A4+ N, +A35+ A= | . The com-

puter time required to solve this set is reduced but still remains ex-

9

O e
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: tensive. The rotational parameter equivalent of the direction cosine
' matrix of equation 2 is (Ref 217)s '

SER R o SlAMmaxds) 302 =Nrs)
200M=AN) 2N EX) =1 2( AN+ AN)
3 i a 15
Lz(A,A,»f AN) 2 ( A= AA) 2N+ N) - l_] 02
where
n=cgcgcy + S2sgsy
N=C2S8sSs¥ + S2cecy
nN=CRCLESY + S2S¢cy 16)
M=C2SgCYy + S€2Cg S¥
The rate of change of these parameters are given by (Ref 2:10):
\‘ 5
x° ; F (0 P | q l"- (7\0-
- N o -r A
K =- - P 9 ) i)
A, -? r o0 -pP A2
() Trd e Gl Rl

The algebra required to develop equations 15 and 16 is quite extensive
as shown in Appendix D. The derivation of equation 17 is found in Ap-
pendix B of reference 2, page 1ll.

The differential equations of motion are now in the programmed form
and are summarized in Table I.

10
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Table I

e NSRS S0 MBS A St <

Differential Equations of Motion

; The kinematic relationships ares
1T ' -
2(N+A) =1 20AM+2A)  2(AA AA) [ u
2020 = 2N 2N+ A) =1 2020+ 2,0 | | v
ZOAAH AN 22U N) 20K+ )l | w]

Ne

L] Q.
"

e

o : . / -

; (o p 9 r] {A]
|- o0 -r g a |
4 2le r g up A (19)
T G 'A’J

Yo Yo D

The dynamic relationships ares

U £ qQw - rv |
-m |ru - pw (20)
PV -qu|

X
mlv|= &
oy . 1N

1l

Feifl - [m,1 0
IYC? My |-(I7T) p|-r (21)
=ff My 19

where F and M are described in Eqs 8 and 14.
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III. Method of Problem Solution

The Computer Program

Solution of the set of coupled, non-linear differential equations
listed in Table I requires extensive computer capability. The program
used in this study was originally coded for the Naval Ordinance Research
Computer and has been updated as more advanced generations of computers
became operational. The Fortran IV program used for this study was de-
veloped by Charles W. Ingram and R.S. Eikenberry using Cohen & Werners'
work (Ref 2) as a point of departure. It was written originally for
stability analysis applications rather than precision trajectory pre-
diction. The six degree of freedom computer program numerically inte-
grates the set of kinematic ard dynamic Euler equations of Table I in
the body reference frame and output.s in the inertial reference frame.
The accuracy of the program is limited primarily by the quality of the
o,ei'odynamic coefficients that are input. The complete program is list-
ed in Appendix F.

Both the Runge-Kutta numerical integration step size (value of A-
(20) Table B-2) and the output time increment can be adjusted by the
user as a means of tailoring the computer time and cost against the ac-
curacy required. If high projectile spin rates are encountered, coarse
step sizes on the order of .01 second could result in erroneous outputs
due to insufficient data points to properly resolve the integration
problem. The time step should be small enough to provide at least ten
integration steps during one revolution of the highest spin rate expect-
ed. A step size of .002 second is used for most simulations in this re-

port. Since extensive core memory and computer time is required to pro-

12
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cess this program, it is written for only a single trajectory per run.
A core memory of 100,000 was adequate for all trajectories used in this
study. (An integration step size of .001 second requires in excess of
200 seconds of computer time for a 10,000 ft drop.)

Discussion of the computer program input and output is included in

Appendices B and C.

Projectile Model Description

The standard Mark 82 warhead with an experimental tail section was
the projectile model used to determine the aercdynamic coefficients.
The cylindrical aft section has four slotted fins, each fitted with a
trailing edge wedge to provide the roll driving moment. The designation
of the configuration is FFSW (fin, fixed, slotted, wedge). This particu-
lar projectile was selected because of the similarity to existing conven-
tional weapons and, significantly, most of the aerodynamic coefficients

were available (Ref 14).

fig e —
1.44d T . ® d
4 Tz ‘

— 33127 4 —

6.003 d ——

—2.429 4 -

Welght = 525 1bs.
IX = 1,81 slugs-ft2
I = Iy = 464 slugs-ft?
d = 10.75 in.
W = Wwedge angle

Fig. 3. Projectile Model
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The cylindrical tail section provides both a higher drag coeffi-
clent and a housing for an inflatable high drag device that may be in-
stalled; the slotted fins increase the probability of a'well-behaved
roll rate throughout the trajectory (Ref 31l1).

A vedge angle of ten degrees is used for most of the simulations
in this study. This wedge angle provides sufficient roll acceleration
to overcome adverse dynamics encountered during release. The steady
state spin rate produced is fast enough to investigate the influence
of Hagnﬁs coefficients without inducing the type of instabilities that
can occur when the spin rate exceeds approximately ten times the nuta-

tion frequency (Ref 8; Sec 3,5).

Aerodynamic Coefficients

Values of the aerodynamic coefficients used in equations 8 and 14
must be adequately determined by wind tunnel testing of the projectile
model before satisfactory trajectory similations are possible. The
aerodynamic force and moment coefficients can, for most applications,
be reduced to the expressions listed in Table II. These expressiocns in-
clude cross-velocity terms in both the force and moment coefficients,
but cross spin terms are included only in moment coefficients about
pitch and yaw axes. (See Fig 6 for definitions of cross-velocity and
cross spin terms.) Table III describes the terms which make up the total
aerodynamic force and moment coefficients. These hathematical expres-
sions were determined in Cohen and Werners' work (Ref 2:15-19).

In order to illustrate the utility of the aerodynamic coefficient
terms, the expression for induced roll moment is used as an example

(See Table III):

14
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c,o + 017 sin v|¢' + c;a cosr”'

t

¢' = Angle to cross velocity vector (See Fig 6)
Cp, = Initial curve shift (See Fig 5)

617. 0,8 = Amplitude of curve

1 Number of fins

The Cy o term is the residual rolling moment that remains after the pro-
Jectile has been aligned in the wind tunnel at the angle of attack of
interest with no fin deflection; that is, an index of rolling moment
due to body shape.

The next set of terms, CJ? sinq¢' + Cxe cos qé', is the mathema=-
tical format required to describe the data curve obtained from the wind
tunnel measurements. This application can best be appreciated by the
illustration of a spinning projectile at various stages of roll moving
away at an angle of attack sufficient to cause a vortex to trail along

the top of the missile as in Figure 4.

-0 8 &

0 - 22.5° o - a3’ 0 - 672.5°

Positive Roll - Negative Roll
Influence Influence .

Fig. 4. Periodic Change in Aerodynamic Coefficient C /3

At the beginning of the sequence, the trailing vortex is cut symmetri-
cally by the fin, so no net roll influence is imposed by the dynamic

pressure change on the fin due to the vortex. After 22.5 degrees of




Bl o Wl 5 N SN o A 0 A Rl

AFIT/GA/AA-77D-8

roll, the vortex is in a position to exert a maximum rolling influence.
At the h5° angle, a condition of symmetry is again encountered. For
this type of oscillating characteristic, Cq could be graphed for the
entire sequence as the solid curve of Fig 5. The graph obtained from
the actual wind tunnel data for the coefficient of interest, however,
is generally skewed from the theoretical curve as indicated by the dot-

ted curve.

/ N
LI \

——-—-.-—-—\— ————— -rA-—
T ; Y il
q. \\\ //

Fig. 5. Theoretical vs Experimental Data Curves

The three terms, c;o + c,7 sinng¢’' + c18 cosq#'. are therefore
used in whatever combination of magnitudes and sinusoidals that produce
the best simulation of the actual wind tunnel data. The relative mag-
nitude of Cp  versus the amplitude of the sinusoidals often makes one
or the other of the terms negligible.

The remaining trigonometric expressions in Table II not defined in
Table III are attributable to transformations between reference frames.

Most of the aerodynamic coefficient arrays used in this computer

program had been previously determined through a joint effort between

the Naval Surface Weapons Center, Dahlgren Laboratory, and the Aero-

it o i
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. (magnitude = 3")

Cross velocity
vector

Cross spin
vector

Pig. 6 . Definitioﬁ of Cross-Spin/Velocity Terms.

i wliere (Ref 2)

q' e "qz +12 , nagnitude of croés-spin (rad/sec)

. : v2 w2 : . ‘
@« = arctan f__ — megnitude of yaw or angle of attack (deg)

. ! o v .
¢ = arctan - (angle about X-axis from cross-velocity vector

of the center of gravity of missile to Z fin) (deg)

g'n" e arctan '%Il angle about the X -axis from cross-spin vector

WY fin) (deg)
17
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TABLE III

Aerodynamic Coefficients
(Adapted from Ref 2)

Description of Coefficient

‘,:x Axlal force

Cyo * C”s-!nl#' +Cy8cosn¢' Induced side force

c” . Magaus force

Czo+ Czy sinng’ +C,gcosng’ “Normal force

c, (c) Trim force along Y -axis
GO _ Trim force along Z-axis

010-5017 sinné’ + C;_a_cosqé' Induced roll moment

C,(6w) ' ; r?ll moment duc to fin cant

‘ Clp Roll damping moment
c,,,o+cm7 sinng’ +Chpy g €05 n9' Restoring moment

" o “d
w40%7 sinng +Cmqa.cosn¢ ]%V: Damping moment

Cpo*Cny sinnd’+Cy, 00_5"9" Induced side moment
c A Magnus moment
Bp . v :
Cp 9 ' ' Trim moment about y-axis
Cp (9 : “Trim moment about z-axis

& (chao‘ cﬁa,"“" i Qc.az cos¢’) Roll momeqi due to eccentric tail

.q—%»::,«»:;_;fﬁ:«,a,e—ow-w?)Wu&&;‘g‘Wm@w_ L aa et e e

s

Array
Symbol *

CX
CcY?
CYP
CZ
N/A
K/A
CLGA

CLD¥W

AR P g £ A (YO YW TS
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space Research laboratory, Wright-Patterson Alr Force Base and were
available for this project (See Appendix G). The Magnus force coeffi-
clent, however, was not available and had to be determined so that its
effect on lateral error could be studied. The Magnus force coefficient

is determined from the definition

ac

e
% = 3Ga/2v) (23)

where p = spin rate, d = projectile diameter, V = wind tunnel velocity.
This relation states that the slope of a line fit through a plot
of cy versus pd/2V should yleld the nominal value of cYp for a specific
angle of attack and Mach number. Tables A-I and A-II show the wind tunnel
data taken at Mach 0.8 at an angle of attack of 1.87 degrees. Cy was
plotted a2gainst pd/2V and then a "best fit" line was drawn through the
data points (Fig 8). Greater weight was given to the lower values pd/2Vv
80 that the cluster of data points in the neighborhood of the steady
state spin condition would not overly influence the slope. No attempt
was made to force the line through the origin. As long as the axis in-
tercept remains small, the error in the wind tunnel measuring instru-
ments will dominate. The primary objective is to provide a best esti-
mate of the most representative slope of the plot. The slope of the
resulting line produced the nominal value of cyp that was entered as a

single element in the CYP array corresponding to Mach = 0.8 and o< = 2

(Ref Table IV). The remaining 71 elements of the 8 x 9 mairix were de-

termined in the same manner. Note that the Mach = 0.4 values are used
to 111 the Mach = 0 row. This is done because, at lower Mach numbers,
the compressibility effects diminish and the coefficlent remains nearly

constant., Fig 7 shows a typlical force coefficlent progression.

20
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MACH NUMBER

Fig. 7. Force Coefficient vs Mach Number

The alpha = 50° column contains unreliable data but is used only to
provide a value for the program to interpolate against in the event o<=
25° is exceeded. The computer program is written so tr.na.t interpolation
is accomplished for any intermediate value of angle of attack and Mach.
The angles of attack used in this stgdy were well below 25 degrees so

this ill-defined edge of the array was not encountered.

Approach to the Investigation

The primary objective of this study is to investigate the relative
contributions of the Magnus coefficients to lateral deflection of a spin-
ning projectile following a ballistic trajectory. The general approach
is to isolate the effect of the Magnus force coefficient cyp. the in-
duced side coefficient cy

7
the trajectories initiated from identical release conditions. Each co-

» and the Magnus moment coefficient cn-p on

efficient is studled individually, and in pairs; then compared to the
performance of all three coefficients together. The initial conditions
include a range of airspeed, altitudes and attitude pertubations.

The Magnua force coefficient, cyp. is of interest because it is

21
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the source of Magnus lift that is generated by a spinning body subject
to a relative wind component acting perpendicular to the body spin axis,

This force will therefore be generated anytime the spinning projectile

is falling with an angle of attack. The direction of the lateral Mag~
nus lifting force is determined by the direction of spin‘ and the cross-
velocity component w. The spin rate, p, causes a velocity differential

to be produced as shown in Fig. 9. A corresponding pressure differen-

| tial is generated which produces 1lift in the lateral direction.

The side force coefficient, C, , contributes to the deflection of

Y7
a projectile by influencing side 1ift due to a lateral angle of attack.

t J:}:‘gm

il

SEC A-A

W

I
o)
-

—LIFT

Fig. 9. Magnus Lift

The Magnus moment coefficient, cﬂp' can directly effect lateral

1 progression of a projectile following a ballistic trajectory. Magnus

{ noment is generated when the projectile, at a sufficiently high angle
of attack, trails a wake vortex that blanks out the rolling lift of the
fin passing through it. This causes a change in roll torque and a fin
i force imbalance that produces a yaw moment on the projectile (Fig 10).
% £ The value of the aerodynamic coefficient is a measure of the sensiti-

|

vity of the projectile to this effect.

| 24
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ZERO X HIGH =%

Fig. 10. Magnus Moment

The release velocities used as initial conditions are 600 ft/sec
for a lower limit (approximately 350 knots) and 1000 ft/sec for the high
speed delivery. The lower limit was selected as a representative velo-
city for a slow delivery. The 1000 ft/sec velocity remains in the sub-
sonic region and provides adequate velocity spread for comparisons. A
velocity of 1200 ft/sec was used, in some cases, to investigate the ef-
fect of a supersonic delivery (Mach 1.1 at 10,000 ft).

The 10,000 foot altitude was selected for most of the simulations.
This altitude provides sufficient time of flight to ldentify any signi-
ficant trajectory trends and does not require prohibitive computer time
to process. An altitude of 20,000 feet was used when a lower air den-
sity trajectory was desired for comparison.

All releases are from 2 level flight path. The projectile 1is,
however, perturbed initially under three conditions:s 2zero perturbation,
a nose-down rate motion, and a nose-down displacement. The zero per-
turbation condition simulates a projectile perfectly aligned with the
velocity vector at release. The pitch rate motion of q = -.5 radians/
sec is used to investigate the effect of motion that could be induced

25
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by the bomb ejection mechanism. The initlal angle of attack of ©f, =
=7.75 degrees, the third condition, is approximately the same maximum
amplitude achleved by the preceding initial motion, but obtained in a
different manner.

Spin rate of the projectile directly influences Magnus lift and,
consequently, lateral progression of the trajectory. Wedge angles of
S, 10, and 15 degrees were used in the simulations to investigate the
relative influence of the different wedges.

The parameters studied under various initial conditions are listed

an an overview in Table V,

R
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IV. Results of the Simulations

Effect of Magnus Coefficients

The first simulations were run to determine the relative influence
of the Magnus coefficients. Initial release conditions of level flight
at an altitude of 10,000 feet and 600 feet per second, using all twelve
available aerodynamic coefficient arrays produced the result shown in A
Fig. 11. The ground zero impact point for the trajectory using all co- |
efficients was 57.73 feet to the left of the inertial x-y plane contain-
ing the release point. With three coefficients removed that influence

lateral displacement (cnp. Cy7, cyp). the impact point was changed to

56.58 feet. This total spread of only 1.15 feet, generated over a re-
latively long trajectory, is lost in the accuracy limitations of the
aerodynamic coefficients and the simplifying assumptions used in the
equation of motion development. This small, Magnus induced lateral mo-
tion is initiated early and propagafes slowly throughout the trajectory.

A second set of simulations were run at a velocity of 1200 ft/sec'
to determine if higher velocity would cause these coefficients to gen-
eiate a more significant change in the trajectories. The net difference
ih the trajectories with and without the three coefficients remains on
the order of only a few feet.

There are a number of possible explanations why the Magnus influ-
ence is so small., Magnus lift depends on both the relative velécity
component acting on the projectile due to angle of attack and the spin
rate of the projectile. For normal weapon deliveries, the angle of at-
tack is relatively small on release and dampens toward Zero early in the
fall. During the time the angle of attack is at a maximum, shortly af-

ter release, high spin rate has not yet developed. After the projectile
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has fallen long enough to generate a high spin rate, the angle of attack
is negligible. The Magnus side force due to body 1ift is negligible be-
cause the lateral angle of attack is small. The Magnus moment is also
‘snall since there is no significant wake generated at small angles of
attack to produce a 1lift differential in the fins.

If oscillatory motion 1is encountered during release, the projectile
angle of attack alternates from positive to negative. The Magnus 1ift
will therefore alternate from positive to negative and average the net

influence to zero.

Effect of Initial Pitch Motion

To simulate an initial release condition more realistic than per-
fect alignment of the projectile with the velocity vector, an initial
angle of attack of -7.75 degrees was used as an perturbation. The same
release initial conditions were used as before and simulations were run
first using all coefficients, and then with cyp. cnp. o removed. There
was essentially no difference in the resulting trajectories for o= -7.75
degrees compared to o<z O as shown in Table VI).

An initial pitch rotation of the projectile at release, as might be
induced by an ejector mechanism, was then implemented by entering a val-
ue of gy = -.5 rad/sec. This initial rotation produced the same maximum
amplitude of oscillation as the o< = -7.75° case, but a considerable dif-
ference in the resulting impact point of the projectile was generated.
The increased lateral displacement caused a corresponding decrease in
range which is consistent with the principle of conservation of energy.
The oscillation induced by an initial angular displacement produced a

trajectory that impacted at 14,165 feet downrange and 57.73 feet cross

30
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range to the left. The rate induced oscillation, with the same release
conditions, impacted at 14,179 feet downrange and 73.02 feet cross range
(See Table VI and Fig 12).

To investigate the cause of the difference in trajectory, the nose ;
track, viewing the projectile from behind, was plotted for the two dif-
ferent inputs in Fig. 13. The beta versus alpla ploi represents a close
approximation of the nose track of the projectile early in the trajec-
tory before the body reference frame and the projectile velocity vector
rotate a significant amount with respect to the inertial frame. The mo-
tion of the projectile nose for the two conditions is quite different.

Fig 13a represents single arm coning motion caused by nutation. No pre-
cession is evident and the damping is relatively constant. The nose
track in Fig 13b shows less coning and displays two arm motion with both
nutetion and precession. This oscillation dampens faster in pitch than
in yaw. The direction of nutation is opposite to the projectile spin
rate while the precession is in the same direction. Figs i3c¢, d, e, f
were plotted to identify any parameters that could cause the difference
in trajectories. These plots show that the difference in spin rate build-
up and velocity progression is very small. A slight phase shift in yaw
oscillation is apparent, and the initial slopes of the @ versus t plots
are noticably different. The last plot shows a significantly different
behavior in the angle of attack oscillations vetween the two initial con-
ditions.

The lateral displacement for both initial conditlons is plottéd a-
gainst time in Fig. 14 to further define the projectile motion shortly
after release. The linearized average slope of these plots produces a

measure of the initlal lateral average velocity. The slope for the
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®=-7.75° initial condition 1s approximately 1 ft/sec; for q = -.5 rad/sec,
the slope is close to 1.5 ft/sec. These values of slope are significantly
different and can be modeled as an initial lateral velocity of the pro-
jectile at release. The initial lateral velocity, v_, can be input into
the simulation to determine its effect. Fig. 15 shows the lateral pro-
gression of the trajectories resulting frem an initlal side velocity of
-5, 0, +5 ft/sec. The remaining initial release conditions were the

same for all three trajectories. As the plots show, the magnitude of Vi
directly influences the overall trajectory. An eqﬁation for this lateral
initial velocity is given by (Ref 1:153-68)s

CZ‘A q

i 8
Ve = ‘( M )(1 _:‘2;2')(2?* Te) (2%)

where cz: the normal force coefficient (acting in plane containing the
relative wind).
A = frontal area of the projectile.
q = dynamic pressure.
M = mass
T = time constant for oscil].é.tion damping.
(= frequency of oscillation.
@ = yaw angle of attack.

é- yaw rate,

If the influence of the displacement term is considered small

with respect to the rate term, the expression reduces to:
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where c!&- moment coefficient (with respect to total angle of attack).
I = transverse moment of inertia.
d = max diameter of projectile.

and the following relation has been used:

<
1+ P Cy A ad

(26)

Equation 25 shows that the lateral velocity induced by oscillation
of the projectile is sensitive to the normal force coefficlent Cz. the
moment coefficient C,, and the yaw rate (.

The magnitude of the side velocity predicted by this closed form

approximation is given by (Ref 1365)

L4 i

v, = _(‘67 (.362) ft/sec/degree (27)
where the constant, 0.362, is the result of equation 24 (displacement
term neglected) using a velocity of 750 ft/sec, an altitude of 5000 ft,
and coefficients of a projectile similiar to that in this investigation
(coefficients used in this derivation are determined with respect to
the total angle of attack instead of pd/2V). fThese same initial con-

ditions were used in a six degree of frecedom simulation and the lateral

displacement and yaw oscillations were plotted in Fig. 16. From these

" plots, a representative yaw rate and frequency of oscillation were
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estimated as 0.349 radians/sec and 5.34 radians/sec respectively. The | -3
closed form approximation (Eqn 27) then produces a value of V, = 1.36 B

feet per second.

The plot of lateral displacement versus time indicates the initial =
lateral velocity, according to the simulation, is approximately 1.8 feet
per second. This is on the order of 25% difference between the six degree

of freedom simulation results and the closed form expression. This dif-

ference can be attributed to the more extensive simplifying assumptions

used to make the closed form expression possible.

Effect of Spin Rate

The effect of spin rate induced by various wedge angles is investi-
gated at different airspeeds and release perturbations (Table VII). The
spin rate, induced by the wedge angle of fifteen degrees, produces the
most nominally linear lateral deviation throughout the entire trajectory.
This pattern holds for both velocities investigated (Fig 17).

Table VII also reveals that increasing the spin rate of the projec-
tile causes the trajectory to impact longer and wider. This apparent
contradiction to the principle of conservation of energy was initially
thought to be an error caused by using an integration step size that was
too large. A step size of .002 second, however, is adequate for the
spin rates encountered.

Another possible explanation is that the projectile developed gyro-
scopic rigidity and was starting to fly at a net angle of attack rather
than averaging to zero angle of attack in its oscillations. This con-
cept is supported by the simulation readout which shows the angle of at-

tack of the projectile with a five degree wedge angle oscillates on the
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order of * 0.1 degree in the latter half of the trajectory. The fifteen
degree wedge readout, however, shows only about half the magnitude of
oscillation but the oscillations are predominantly positive in the last

half of the trajectory. In fact, the angle of attack does not go neg-

e o

ative at all during the final ten seconds of flight. Also, Table VII

indicates the total time of flight of the projectile spinning at the
faster rates is increased very slightly (on the order of 0.02 second).
The downrange velocity just prior to impact is approximately 750 ft/sec
which produces an opportunity for the projectile to impact 15 feet long-
er in the extra 0.02 second. This is compatible with the data shown in

Table VII,

Other Observations

Fig. 18 shows the aerodynamic coefficients, cy7. Cyp & Cnp. have no
discernable effect on the projectile velocity. The velocity progressicn
graphs remained the same regardless of whether or not these coefficients
were included in the simulation.

The wedge angle did not change the velocity progression significantly.
Simulations modeling spin rates as 5, 10, or 150 wedge angle indicates the
velocity progression is not influenced by spin rate. This observation is
subject to the projectile spin rate remaining low enough to preclude in-
stability.

The higher dynamic pressure encountered cduring release at high air-
speeds causes a significantly greater velocity change of the projectile
after release. The magnitude of the difference in the release and steady
state velocity of the projectile governs how the velocity will progress

o~ throughout the trajectory. The projectile shows significant velocity

change throughout the trajectory when released from a low speed condition.
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The projectile shows much less acceleration when released from a high

dynamic pressure condition.
Figure 19 investigates projectile acceleration from release to im-

pact. The slope of the velocity vs time curve shows that maximum decel-

eration is proportional to the drag force encountered at release and, as
a result, velocity loss is greater at high release velocities. The time

required for transition from deceleration to acceleration also increases

with higher release velocities. The same plots apply for each of the
projectile fin wedge angles investigated. Also, there are no signifi-

cant changes in the graphs for an initial angle of attack of &= 0 ver-

sus o= -10.

T T ———

Fig. 20 shows the lateral displacement progression of a projectile
subjected to two different release perturbations (O(°= ~10° and 9y = =5
rad/sec) at two different release velocities. The slope of a pair of the

ourves is nearly identical at any given time but the magnitude of the la-

teral displacement attained in the same given time can be significantly &
different at the lower airspeed.
Fig. 21 shows that the rate of altitude loss does not change signi-

ficantly with initial release airspeeds. For the 10,000 ft drop, time of

flight through a standard atmosphere is increased on the order of one |
second compared to the time of flight through a vacuunm. .

The effect of release velocity and altitude is shown as a composite

|
|
i

in Fig. 22. The set of trajectories initiated at 10,000 ft is essential-
ly a duplication of Fig. 11 and is included with the 20,000 ft set to

give an indication of the effect of air density on the lateral deflection.

46




e R (o AR AT L S

T ———————————————

St AT

PRSP

30

rt

-]

510,15°

S

B S S Y
' 1

L |

S U ) RSO

20

IR

47

10
T/ME (SEC)

R 8

!
]

T

£ SR AR I

T ATE N TR

23AS /L4

(A) ALIDOI3N

AFIT/GA/AA-77D-8

sl e R RN » AT

e 5 i A

i
<o
|

—-—

faak wivadde

el St

A

o

i

-5t

+

|

450

Fig.19. Effect of Release Velocity on Total

Projectile Acceleration

¢




AFIT/GA/AA-77D-8

o

S
gl

+ 1
{ ol
1
{5 V50

R O
ST

"Eoﬁoi': !

2o
£

i st '_‘;' ¥
"-?..:[OA,., i

sed;

5 pADY:

L

s
-

EVEL RELEASE.

i

t— O

Lpr

w..

.
— — —

.

-

-
ok
.

_..,;.4_:.- ..A_.J.-:_.; —+-
30

- \/3 600 ET/SEQ.

s

!

_r ‘?_:

]
—erigeh o

20
TIME (SEC)

|
!

10

=S80 4R 95 45K ¢

bbb

et

cqee—g

s L

A e

4

)
‘44 (8 NOILIA743a 1

Fig. 20. Effect of Initial Pitch Motion on Lateral

Deflection




R g A

o ey oy TP

A AN e T 5

L ——

AFIT/GA/AA-77D-8

T T—

g

I
§ B5E 55

1

4 A
e

. i

1

t

!

et

el B

bt

T

>

T

Q.

-
4

e

B R e A

514

!

+
Rt

1

!

b

1330

b -

=t QT

i

S R
5 R

——

!
+
,_.:-.[,-7

i
Cy gy A..*,__;-a‘

o e e

o~
-

it &

ELEA

?-.%EAS!;:

=1

AviiR

l==0,

I
1B

|

1=
‘h-J

5

i i ~ :
'Ln: i s R j=t =1 f
et e -t ; HET
A 4 s 13 gt
g b4 38 | TR
P SECREREE SUSEN N ST H
: = ) b LI
IY‘..J.' l-...q\n, [ B!
H o
T o ~t—t
5 T 5 5 1 = | L.r $ost
352 > &5
bbb b
SEESH EREN 3]
- b en 4
d=

] =
S il g
oo 5% 3 B £3

1 g st
——r O
BEE e
hg T

2. OO |
D Ao
S pobatd

10000 <

Q
44 (h) 38017

2000

20 30

10
TIME (SEC)

Fig. 21. Effect of Release Velocity on Altitude

Progression

49




AFIT/CA/AA-77D-8

e

L

‘
b ol

o kel
it

L=t
i
—

e e T

[}

1 P AT e
boge _A,.....*_

Balnsem

b

I -150

~100

-50

LATERAL DEFLECTION (?) F7.

~200

Fig. 22, Effect of Release Velocity and Altitude on lateral

Displacement

SEHRETS B




AFIT/GA/AA-77D-8

V. Conclusions

The Magnus force, Magnus moment, and side force coefficients, for a
projectile of the type modeled in the simulations, and for normal release
comditibns. exert only a very small influence on the impact point. The
cross range displacement attributable to these coefficients, for a tra-
Jectory initiated at 10,000 feet, are on the order of only a few feet.
The influence on the downrange component of the trajectory is also very
sm21ll, These coefficients could be influential under conditions of high
angle of attack and high spin rates which, for normal releases, are not
present simultaneously. When the projectile oscillation and the corres-
ponding angle of attack is maximum following release, the spin rate has
not yet developed. As the projectile progresses along the trajectory,
the spin rate builds up but the oscillations dampen to a very small value,
Also, the oscillations alternate about the velocity vector of the center
of gravity of the projectile so the Magnus force direction, being depen-
dent on the direction of the angle of attack, also alternates and tends
to average to zero effect.

The lateral displacement of the trajectory is, in general, increas-
ed with increasing spin rate. Insufficient spin rate can be a stability
factor as can excessive spin rate. Low values of angular momentum can al-
low the projectile to develop catastrophic yaw. High spin rates induce
gyroscopic resistance to change in projectile orientation, allowing a
positive angle of attack to bulld up as the trajectory progresses. A net
1ift is then developed which increases the time of flight of the projec-
tile 2nd, consequently, the cross range and downrange impact point.

A projectile released at zero angle of attack with no initial per-
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turbatiéns produces the least lateral displacement of the trajectory. If
the projectile is released with an initial negative angle of attack, the
lateral progression is increased only slightly. If the projectile is re-
leased with a rate rotational motion, as could be induced by the ejector
mechanism or an initial positive angle of attack, the lateral progression
is significantly increased. This increase is directly proportional to
the amplitude of the projectile oscillations. The difference in lateral
progression between the rate induced and displacement induced oscillation
is less at higher airspeeds. Also, as oscillations increase the cross
range impact point of the trajectory, there is, in general, a correspond-
ing decrease in the downrange impact point. These results suggest the
following conclusionss
1. Magnus force, as sﬁch. exerts no significant influence on the
trajectory of a projectile such as the Mk-82 bomdb. For most
release airspeeds and altitﬁdes. compensation for this specific
effect in a weapons delivery system would not be cost effective.
2. The projectile should be designed to spin as slow as possible
: consistent with stability considerations.
3. Release mechanisms should be designed so no significaht moment
is applied. If assisted separation of the projectile from the

delivery aircraft is desired, a slight negative angle of attack

should be used instead of a moment.
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, Appendix A
f Typical Wind Tunnel Data

PRI AGRTE Y T IR o B

The aerodynamic coefficients for a specific projectile model are

normally obtained from wind tunnel tabulated data. Table A-I shows the
spin-up data of a projectile model at a specific Mach and angle of at-

d tack. The data measurements were made as the projectile was progres-

5 sively accelerated from a zero roll rate to the steady state spin rate
(P .). Table A-II shows the spin-down data taken as the projectile was

progressively decelerated from a high spin rate down to Pss; Both of

3 these figures were obtained from reference 11, part 31.
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Appendix B

'{ ; Computer Program Data Inputs

Coefficient Arrays

A single 000005 card precedes all of the qoefficient matrix input
decks. This card designates the total number of aerodynamic coefficient
arrays used in the program and must match the actual number of arrays
that have been input. The last digit of the array designator integer

must be in column 12. For example, if ten coefficients are used, the

lead card iss:
4 79953 10 P ‘
. | 123838 EINIE R L AR INARY ISR ANINEEI LIS URSUNP UL TN AY N, [ O LR *'n-ll' {
E | H 0 000000 ESEDOETL O BN ENU NN LC AN EORUSIDRCoRIbEIRNOANR0E
- } s .l'llllunc_:l-,,'eooaoo‘c“:ou:pooooncnenoco'n‘iﬁ'é"c"oFm'm‘{i?fﬁﬁi?g::ﬁ':z :—:E"’F,?,":fﬁ”ff: /
| : T T R T R R R A AR

} ; !ll!lllil!!l?i1”"'-"””’2:12!1.1212!2111;2111111222?22!111111!211“21121;1121221212

Flg. B-ia. Computer Input Card

Each individual coefficient array is then preceded by a card that speci-

fies the desired coefficient symbol, the location of the array within the
4 input deck in accordance with Table B-I, and the number of angle of at-

tack columns and Mach number rows that will make up the array. A 20x20

matrix is the maximum size of the input array.
The first four spaces on the card shown in Fig. B-1b are available
for the desired coefficient symbol. The last digit of the remaining

% three integers must lie on space 7, 9, and 1. | 3
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Fumber of columns in the array
Number of rows in tne array

. Desimnated symbol for the coefficient
§ Required location of the coefficient array
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Fig. B-ib. Computer Input Card

The specific values of the input array are entered by rows.
For example, the nine angle of attack elements that make up the heading

row of the C, array (Apperdix G) is entered as:

50.0 ;
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e
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Fig. B-1c. Computer Input Card

and, in successive rows, values of the array elements are entered; such

as the zero angle of attack rows




AFIT/GA/AA-77D-8

= i
2280 -.2d33
R "h"\.l l"‘ﬁﬂll.\’l‘g..“u-h.ﬁ.’..h -lol‘“ . TR R .I

= 2_L...LL.§ :

o e ‘l
’ElII"-tElJ" LT R G [ T R L L R
- . 0 20 43 .. 2313 -e235 - 8135 - :-bu i
I ; _'-":_'-.'.- X9 preeNy

-~ -

005‘00!!00.000 .!CIOGOGBOICOODEQE cuuoaauuuuoo"i:ta'o:za.:
Y h|t"lHull‘Utl(nu.dl\¢un.i.~.\li‘llﬂluuo-luhlbhblll.l by
ll’||ll|l||IIII|II|llI|||I||||lllll'llIl!;ll“’l!'llllll‘lllllll

(RRERLARRRN .

2222222272220322 nnulnn mnlun1nnlxun:znlnzn:.znlrlnnn.lnnu :
] 33338338333

3333813332332 Inlnu,ululunul:uunnlunus.nlunu:-:uluns l' :l..l

sellolanac 800003
122000100

9 QENEALL PURPRIE CARD

0‘00.00‘(00400‘llnanalnooan

*Fig. B-1d. Computer Input Card

The specific values of each element may be punched anywhere within
successive ten-block segments of the card. ; ﬁ
The remaining values of each element in the coefficient array are | |
similarly entered until the matrix is complete (See Appendix G). .
Each individual aerodynamic coefficient array used in the program

R e ¢

is input in a similar manner. The sequence of these completed arrays
must be in the order indicated in Table B-I. Only the desired aerodyna-

mic coefficients need be input; zero entries are not required. The pro-

gram will accept a maximum of thirty coefficient arrays.

Initial Conditions
The initial condition input deck is preceded with the desired ti-

tle card., This title will appear as the heading of the computer output.
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Fig. B-le. Computer Input Card ’ !
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The next card (Fig B-1f) identifies which of the option parameters
available in the program are to be used. These parameters are (Ref 5:123):

NORCs Gravity designator

NORC=1 denotes constant gravity used.
NORC=0 denotes variable gravity will be input.

IPRNs Output time increment control

IPRN x At = output increment that will be printed. At is
the A(20) value (Table B-2II).

NALL =1 for this program.

IPUN:s Punch option for angle of attack (<) and sideslip (@)
data

IPUN=1 implements the option.
IPUN=0 option is not used.

NBODYs Reference frame output designator
NBODY=1 output prints and/or punches c< & @ in body axes.

NBODY=0 output prints and/or punches o< & @ aeroballistic
axes. 1

ISCALEs Coefficient scaling option.

ISCALE=1 implements option
ISCALE=0 option is not used
ITRST: Thrust option

ITRST=1 implements thrust equation into program (Sec Ref 5:
1, 12)
ITRST=0 for unpowered projectile

The last digit of these integers must fall on every tenth space.

AT

et i i e
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Fig. B-1f. Computer Input Card

The next three cards specify the desired initial conditions and pro- ‘ ‘;
Jjectile mass parameters in the sequence outlined by Table B-2II. All ?
i

values are entered anywhere within successive ten-space segments.

t x z
(o] (o] yO (o) pO qO rO o
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Fig. B-1g. Computer Input Cards
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The units of the initial conditions are:

ton Ata tE Sec

Xor Yor 20 d, Ynin Ft

poo 9, ro Ba.d/Sec

6, 0,V - Degrees
Uoe Vor W, Ft/Sec .
I, I Lb-Ft-Sec
%"y >

€ Ft/Sec

n Slugs

The initial values of ® and X (which is input implicitly) as well as

u, & w o are determined according to the following scheme:

Fig. B-2, Flight Path/Perturbation Angle Input

where

V = velocity vector of the center of gravity of the projectile.
© = total angle between the body fixed and inertial frame.
7 = flight path angle = angle between the inertial frame and velo-
city vector V.
oX,= initial pertubation angle from the initial flight path angle.
"o = V sinoX, = projection of the velocity vector on the body Z axis.

u, = V coscX, = projection of the velocity vector on the body X axis.

62
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For a projectile in a 30° initial dive angle at 800 ft/sec sub-
Jected to a 5° initial perturbation upon release, with no out-of-plane
components, the following values would be inputs

© = -35.0, § = 90.0, ¥= 0.0

u_ = 800 cos 10° = 787.846

v. = 0.0 ;
-800 sin 10° = -138.918

=
]

Notes ©= 90° to allign the inertial frame with the body fixed

frame (See Fig 1).

Scale Factors

The remaining four cards are for scale factors (applicable only if
ISCALE was previously designated as 1). The scale factor changes the
corresponding coefficient of Table B-I by the multiple of the scaling
factor.

The only scaling factor used in this study was Cy (§w). Cy (6w)
is the coefficient for roll due to fin wedge angle. To scale the 15
degree wedge angle values of the coefficient array to, say, 10 degrees;
the value .6666 is the appropriate scaling factor to enter in the ninth
block of the scaling cards (Fig B-3).

The integer 1.0 is the required entry when no scaling of the corre-

sponding coefficient array is desired.

63
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C1,1,K)

- C(L],1)
C(L,1,3)

c(1,1,5)

c(1,1,7)

LY
CL],1)
C(1,3,13)

(1,1, 15)

-C(1,],17)
C(1,],19)
€(,],21)
-C(1,1,23)
C(1,1,25)

ci,2n

C(1,1,29)

- wf;ere: 1 Mach number arfay
J Angle of attack array

; K ~ Location of aerodynanuc coefflclent
ae e CL.1,2) Gy
Cy, . C(L},4)  Cyg

Cyp CULLE)  Cpy
Cz7 C(L1,8) : CzS
Cy W) CWLLIO) €
Cpg C(1,],12) "clp :
Crmg C(L,1,14)  Cmy
- eaLie ey

Cny CL1,18) Gy

g =% CL1L22) Gy
Cp, CCL129)  Cpqp
c‘w_ C(1,],26) clmg
Cmgy ~ CLL2Y)  Cmgy
Cmg,  CLLI) O

Aerodynamic Coefficient Array

TABLE B-I

(Adapted from Ref 5)

Aerodynamic coefficient array
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TABLE B-II

Computer Input Array
(Adapted from Ref 5)

A(1)
A@2)
“A3)
A4)

A(5)
A(6)

| A(7)
A® o
A9) ¢
AQ10) ¥
A(l) 1.0

I RIS A S i AR R Y (TR T T MR TR TSR N - ——
i ¥
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Appendix C

Computer Output Example

e T e

The computer output parameters are shown in Table C-I.

TIME is measured from release. b
RANGE, ALT, Z correspond to X, ¥, % of the inertial reference - :

2 frame.
V = total velocity of the projectile with respect to the air

ALPHA =\/0@+8* (vhere - = denotes vector).

!
1
{
( P = spin rate.
'(
{ M = mach number.

PHI = roll angle.
ALPHA = angle of attack.

BETA = yaw angle.

The next set of parameters are useful for stability analysis appli-
1 cations. The outputs are based on linearized equations for the tricyclic

response of a projectile to an initial disturbance (Ref 12, 8 or 11): ;

I~N = )\,.,: damping factor for nutation mode.
I-P = )\p = damping factor for precession mode.

W-N = (Jp = nutation frequency.

W-P =0Jp = precession frequency.

S8 =8 = stability factor. |
TAU = T = dynamic weight factor. i
{
' K-T = K, = trim arm. i 4
' ‘)
B
1 &
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APPENDIX D

ROTATIONAL PARAMETER TRANSFORMATION (REF 10)
] r . :

my g = INERTIAL FRAME

X742 = INERTIAL UNIT YECTORS
XYZ = BODY FIXED. FRAME

THE UNIT VECTUR \_IS MADE UP OF THE THREE
COMPONENTS V. Vo V: 50 THAT
VaV2 Vi VaR _ (hp
NOW DEFINE V.= N/ SIN /2
Vas N/ SIN /2. (2p
Vs= N/ SIN=/2 -

WHERE M Aa ha AND << ARE UNKNOWN PARANMETERS .

USING THE RELATION FOR DIRECTION COSINES THAT
TUE SUM OF THE SQUARES OF THE COMPINENTS
OF A- UNIT VECTOR MUST EQUAL ONE CGIVES

Aot ne + N3 = SIN¢/2 (3o

NOW DEFINE ANOTHER PARAMETER No = COS /2.
SO THE EXPRESSION CAN BE WRITTEN AS

(9’0

g
A’»-I"‘AL.!.'PX'S"';;:'

ey

eac

SRR aRs | §
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THE BODY FIXED FERAME CAN BE RESOLVED INTD
INERTIAL COMPINENTS AS FOLLOWS ©

7

LET A BE A UNIT YECTOR ALUNG OY AND
B Alone OZ SO THAT

AT‘-'O.,{‘.:.Q:;‘-PQ.?E (5o
B= b, -a-b:.—f a b2

WHEZE A di A= , b ba ba ARE WERTIAL FRANE
COMPONENTS.  ALSO LET < BE TUE AmJIIT
OF ROTATION OF THE FROJECTILE ABOUT THE OX
AXIS WHERE I IS A VECTOR FIXED ON 7iiE BADY

- BEFORE ROTATION AND 7 1S THE POSITION AFIER
ROTATION. THE DIRECTION COSINE MATRIX FOR.

bl e o i i e




AFIT/GA/AA-77D-8

TS ROTATION 1S

r R T R |
l=lo € -s«{|n (elo
G 0 S« Cot|]ln
OR.
£l s =y Sl
(7)0

B = I Se: + I3Cst

WHERE v Vv V2 ARE COMPIONENTS OF !"j
€s50ds S=SIN;

NECATIVE ROTATION AEOUT K WAS USED
SO EQN 12- SIMPLIFIES.

EXPRESSING Ts COMPONENTS IN TUE INERTIAL FRAINE ©

T )\'. A A2 A Az A
WY 2gqan 2 + e 7 * Smennt

'Y';K'-'-Q.i “+ az.-;?-(—a:sz

ﬁ§= b+ =+ b:_f -t b:zE

CD/‘«LBINWG EQN 7 & 8 IN TERV/S 0F THE B0DY FIAAE ¢

&3, 1 52 & 9)p

= Ao
Vst © sveni * sma
04 cta, oo ~bysme) A + [ 42C0s*-ba sived) - + (a3 cose ~basmet )k

r;ﬂ ol smet = b cass) £ = (Az SINA & D2 cos) ,f + (A3 sINa+in cos) f

8)o
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DENDTING THE TRANSFORMATION MATRIX BY [C], THE
EXPRESSION TUAT TRONSFOLAS TUE COMPUIENTS OF THE
MOVING BODY AXES SYSTEM 70 INERTIAL REFERENCE 1St

r-Ell. Cl'l. CI'J FSM}."IL a, bl ! ’-Sllb:", ) a,C- bls°‘ q,5% -fb,Co(
)\z e~ >\'J- - <+
Cal 'Cll. Cl:l m a:. b.a. = ml)a)“ 5353(, Q, SeA ba.cp‘
C_M Ciz CJ_:J Slz‘:h. as b.:! 5"3‘1/2,G:C°(-b:$£, d; S4+ bJC°:J
. Ean (10)p
3 : POST MULTIPLYING RN THE INVERSE ( TRANSPOSE FUR THE
4 ORTHOGONAL SYSTEM):
—c, € J L A.Ct b Sk 5 Q1S +b.Co<- A Az Ay |
v Vi Ges Snenm Yl ™ [ ? SIN"/:. SN ? NG
Car G Caa|= 5"3\:./1’ AaCox—lgs Set 9 d2 St + by (X a, Aa ds
f:: Ga C_xj Slz‘j/z‘ A3t - b3 X 9 d;s‘a -*b.:C*: JL. b b b:J
Ean(1V)p

MULTIPLYING IT OUT 3

.

2
I-_Cu Cia Cis [3.“— +(ar+5,)C= o )1'31"’(4 br-dib)S + (a,Q2+ b ba) Ce<y
. /2 St
AA3 4 (2,b3-bids) St + (biby+ dran)Cx
AN Ai )
CJJ C27. C73 : Sl"/ +(a, a,-*a,bACo‘ + “naz "a;b )S‘( 9 "‘1‘."/ + (a,+ bx)cx,
.ggg;iub,a, ~bs@3)Sot + (Azas+ baba) Cot
Coan Cay G z‘z_):/’-.-(d.ds*b,bz)cot +(biaz-aib3) SA i
_J. ;‘Z:‘; +(A302+ b32)Cx + (b1 Gz~ ba2d: )Soty s?‘,, +(avb7)Ct<J
- : -

eaMN(i2) o
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1 %
3 THE FOLLOWING RUELATIONSHIPS BETIEEY DIRECTION CISINES '
. APPLY TO AN ORTAOCQNAL , ZIGHT-HAND SYSTEM 3 g
i 2 2 2. : < ;
A+ a. + as =1 : ('3)0
BB o8 =1 ‘ =
:- AX + A Aa + dans =0 ' : : | : (’5)9 k
b’hl +bLA'L +b3A3 :O . 3 (,b)o
a.b. + a.b. +d; bs = o | E (' Do
b. =-ST'_-?L()\;GJ— Asd2) . : o (IQ)D
‘ b.= .S"T/z( Axd, — A a3) : b . (19)o
b3= st()\u,G‘L —Aza:) : “ 3 (10}0
7\1 A‘L 7\3
S Y2 S</2. S o¢/a :
a, a. as - l (?J)D
bl 'bi. b.'l
EQUATIINS (15) AND (16 ) CAN BE WRITTEN AS:!
A= - —;";( a, »y + Oz As) C- 22 i
b, = - 4= (bix: + ba As) (23)o |
2

SUDSTITUTING (22)& (23) 1N70L17)

a.b + 1’-,'r4,,\.+az>\3)(b,a.+bu\n+ aibs=0 B
- : (24)o '

~a,b,( )\l' *)\;) + djb;()\z,_;)},) +(03 b. = b:a.) M N2z=0 : ‘
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SUBSTITUTING (22) INTO (13) Anp (23) 1vro (9)

QM+ M) + Q3N +N3) = X2-2MAs Aids (25)o
Bl Xie2e) + bl X1eXn) = Xa =222 by bs (z6)p

,4 EQUATIONS (22),(23) vTo(21)

o

. el AY) -+ -;.A a ‘
Aba (an+ gais) + Aspids = AL p2Tho )

42‘.%%%-4?:%3)"7\;@ ba + 23(bx + b5 = S %

A A S L R AL ol AR M A TN A

. AFTER CANCELLATION S AND BEGROUPING
—bsa [Xediens) + bds [N+emers] = h S
AHD SINCE Nit%ait N2 =1 ,
bs = A [bias - Meoy,] ~ (27)o

st b ek A AN

gQuanion (27) INTo (24)

a' b,‘ A’; ‘v)f-z) + 9—1 (A,,—ﬂ')\‘ija aJ g.t/z) A Aﬂ[lazbl :d/ =0

i s s A RO N 0

@b, ()4 AR + Q3 [200; Qb - RLNTA0)] = = (28)

EQUATION (27) INTO (26)

v‘ Az i
B ()2 [ bz Mm,m;) = -22(bds- 25 )2

alzb’t‘).\.‘l*), )“'a’.‘ BI(A:'*AJ) + a]bl [2%:%3 CI.!): e 2)‘;?/2{ xzt*'*:))]:

* 2 2 - 20\
Mal + by 222 B (0542 )+ dabr g5 (R eks) (29)0

LEFT SIDE OF (28)x by = LEFT SIDE OF (29) THELEFURE
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: g X ¢ v A_ a 2 S t‘-. 3. 3
..:._,L,';_A.hx; = NoaFs2bia, 2D 1 asbi 25 (X04A3) - AL IA+N5)

MULTIPLYING THAU BY égz

TRty B

: :
Qs -_ﬁ?’%‘m‘;*x‘n -5 Md-‘]E BRCLE] By (30)0

EQUATION (18) AND (24)

. .
4 MaA+2:931 _ AN A A3 )
br = 2, [hads « Ay 2B 'S-V;)\;a"+(s-v;+ X278 0 (310

EQUATION(20) INTO (23) :
oM Ar . A3 ( ! Xz msm)-@rsonlt g,
b = ga* (5% = s-/m;) ),';+;\=;){5u/,_(h *h ‘ AS 0 g - Ak

- NA AR [ A o T
‘so"lz;:.a‘ : ( fﬂz)zXﬁ‘?‘XJ) [s-y;m‘*?‘J) {df_)‘ls (1)']'5' A N3Qy

SNk | W N o ke }

=23 o B - Wiy, - paet
e b, Flaost sty giy.. 2L ]

b. 's-vmt[f%m‘”") o0 e ]h

b, « d%:s?'.;;(f;* ¥
3

EQUATION (32) 1S USED 70 EVAWATE G, IN (12)

1 .
Cu = S—’;';; + (ar+bi) cos =

FROM THE DEFINITIONS Ko = COS*% AND C0OS2e<= 2005 =!
Cn = 31—,,,,_[>C7+(7{’~.+>\’3)(2>¢-')] '

o L] o fle NNy IR 1)

= mb- [N 2% E 0 1 A x)

= o= (200N - 20500 R « 3 -1]
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=L [20800)6-20 ) ~ (:-z:)]
= (=), ,f-f. =
L) 20204 3 1]

USING S*~Aa= |- C**/2 = I~ Xe
Cu= 2(A+N) -1

SIMNILARLY

S’;;/ +(qr+Bh)cos< = 2(1\;+>s.) -

A5 ‘
oy +(a% + b,)C'dSo’- = Z(AJ*Ao) -]

FROM EQUATION (2.7)

b]az - b3&| .: %1
BY ANALOGY AND WITH ( 21)

b:;d. = ’?n a. =

bsd. - baa. =

EVALULTE ¢l @Qa+b,by BY USING (27)
a-an b 3 bl b3 CT: d.’s <+ bl ——(bl J‘SA‘:,
. 2 b A2
BLinnl o8
SUB EQUATION (32) |
a: )\1"')\3 _b__l

a; ST A

SuUB EQUATION (30):

a2
S</a
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A il A
E;-:——M'{— (7\1"‘)\3’ /27\za‘] A NA3 a, S

= A~ £ A2 ar o ANa b,‘ Aa
(%) <-/2 b,a, STela T A b, S*a

= sY24,0,
- A W el G
53-+'z.a bm‘ +N) - «/:a. .(a' +br) ?—J/-:z
SUB EQUATION (32)
i A ‘
aras +bb:= = -ST—-‘;:. : : | (39)0
SIMLARLY
A A : :
a.d;ﬂ- bl b1 =. o :z“/;- : ; . (40)0
>\1. X‘l X
(41),

azas+b1b3 N e '—S"_d-lz

EVALUATING Ciz FROM EQN(12) WITH(40) AND(37)

Cn= S))_'z‘/;_ +(d,a.+bib.)Coset + (aiba~ az b)) sivet
1 N Aa 0 Aida -1 ..A.l o/
= Dt — 2 (2X6~1) 2 s/ Mo

WHELE COS2(2)= 2( COJ"/J_) -1 Q055 = Ao
SIN2EA)= 2(SIN/2X Cos~4/2)

;:.' A.l >\2 [—2—(12.—4—;)-] + 2 Mo Az
S 9

(8 W 2[ YR S >\c}\3] (42)

IN THE SAME MANNER, USING IEQUATION S
(32) (37) (38) (39) (0) (=1), THE

"
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. REMAINING. COMPONENTS ARE
Cu = 2[ A - nanns] - (a3),
Oz = 2[7\. ?\3~>\o)\z.] : (M)p
G =2l Mids-2ons] = “5),
i €13 = 2[ Az As= Ao Al] (40),
€2 = 2[ N 2s= nan) e

S0 THAT THE DIRECTION COSINE /MATRIX
BETWEEN THE INERTIAL AND BODY FIXED.
REFERENCE FRAMECS AFTER ROTATION <% IS

Co G2 Cis]  [2(N4X5) =1 2(Adz+2ons)  2Z{Ad3-Dohs)
CaCar G3| = 2000 Mhs)  2>RT) =1 2 (Ads+ hode)
oo GaCul 120NNl A daeen Y TR

EQN (98),

WHICH 1S EQUIVALENT TO THE EULER ANCLE FORM
OF THE DIRECTION COSINE MATRIX

Lo cv. sé - sSwce
~SYSP -Ccvsvcp C& Cq CYWsP-Swsgce
~SYVYCD+ CVYSOSD =0 5D CYCO +S¥sY sqb_J

tl

ean (19),

78
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I
B

COMPARING COE FFICIENTS EE
Cu=2( R+ XiV=1'= cWco (50)o ;
Cuz 2( Xa+Xal-1 =COCO _ (1o
Cua=2(X+M)—] =CYCO+SYsSIsP (52)o

FROM EQN (4)

1 R e o (53

i EQUATION (53 ) INTO (50X 51X52)

| = 2R+ X)) = CY¥YCO : (5#)o

: | —2(R+X) = coco L : (550

: | ~2LR+R) = CVYCO+5S¥Ysosd (53),

1 | '

| EQN(5Y)> (55)

“2UN4N) = CH¥CD +SVSYSD —-COCO (7)o

i EQN (59 +(57)

i =4 X, = CY(CG+CO) + SYSISY ~CDCO

AN =1~CY(CH+CO) +COCH ~SYSISP (s8)o

i USING THIZ 1DENTITY CO+C0 =2 C(44#) ((21)

Anzl-2¢v[c el c o] coco - SwsOS

USING THE IDENTITY C2¥=CW¥ -S'¥

i N N G

AN=1-2(Cs -SY) YL -58 52 )+ coco- swsosd

A = 2 2 k% 2 2 * I,

i 4 3= n+2[c$ S0 S + SYCY 2] + coco -svs0+

A 2 . 2 2 2 3

| -2y cy e sy <y sg]

| USING--IDENTIES € 20=2C9 -1 & C29=1-250

{ .

3 }
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b ( . | k ‘
- an= z[c‘y_ o S0 ySwCe c’@] g |
1 2 2 T |

- 38_{( CH+1XCO1IXCOH) + (1-cq/){:-c9,‘(l-cai + : g
4 C0CYH - SUSY SO

4)&:2[&25’2 s +swde o) +1+
4 - il ok '
: , - - tfeveocveorcocy + 1]+

+comeo - swsesd

4A§=1[¢’9: o<y +SsvCH c‘_cz]+
2- 2 7 2~ z 3
+.3"-[l- CYlCO+CD) +CDCO — swse)sa]
- S¥Ysesad .
S :
' 4>\i-'2[czse dp S0 + Swlece) +2na - Lsysoso
8 e e e -

USING TUE IDENTITY S268 = 2S¢ CH
= lysese +sSwCeCR -2c¥sECgsgcLsSL
2 2 2. 2 2 2 2.- - el Tl T e

WHICH FACTURS INTOD

Nz(cysgse -sycg ce)”
> i g =k

A= C¥SgSQ -5 CECe (59)o
BY ANALOGY

- 20 W @ :
Ri==CE5E K = SHCH (©odo
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i EQN (57) -(54)

AR 1 =CVCh +SYSOSH-CPCo —cwCo

4N=1 —COLCY+CPI+ ChPc¥ + S¥SOSP

THE SOLA) TO WIS EGN IS SIMILIAR TO EEQN S8 :

| Nzl 8sfS52 +s8Cc¥ce ; (61)o

EQN (59) INTO (53)
Rzl -[RXed(i-crea)=4(1+crea)-
2 1 2 %
Xel+dcvew-c*eS9sY _sdeyeq +
] (=4
+2cgsgcg5{cgsi
1-__|_ % o ’-Q 1. x 2 2
No= 31+ C¥eo) ~(1-S z)s%s’lﬂi_ € 2Y L+
+2C D sDcrs¥ casa
2. o SRR~ VIS A '2_ 2

=4[i1+(2¢¥-1x2cg -] +SL gy +

ST

-sésw scbc_q./c:a +2CPSHCYS¥Y COsY
D B

N
P

-Cy —c‘g_-s“g_s"_&; +2CASDCYSY CE SO

NOTE TUAT .
2 L 5 N i =
1+C¥ce -Cy g -s"gz_ ¥ =
o 2201 <S¥1 ~Ccy - S »
B
' _ | ~-S¥ - ¢ = O
THEQEFOR.E s z
< 2 2 2 3 2 2
Ro=Cyly e +Susasy + 2054 cysycasy
Ne= CLCHCR +SYSP S (Lo2)p
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TUE SET OF ROTATIUNAL PARAMETERS AR

A= CgcePco + S¥YSP 5@
=1 e 2 2. 2 2

Ne-CHSOSY + SPcacY
2 2 5 3y 2 o s /8

2

Ne C¥SBSH -S¥cgce
|k B | e e LR

»N= CQSysd +sececed
2 2- e L 2 2

2=
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Appendix E

Coriolis

From the kinematical expression for motion in terms of moving ref-
erence frames (Ref 73:11i)s:

ool e e

i - 4 ? o .
Ferfv2a xrf+ Oxr® + o x(J xr) (1)E
vwhere the superscripts denote the applicable frame of reference.
The term 2 co“x T is the coriolis acceleration and, for the ap-

plication of a projectile moving with a velocity (V) over the earth ro-

tating at rate (f1), the coriolis expression becomes

2N x v (2)E

Define the body frame (XYZ) moving globally with respect to a north-

east-down reference frame (NED):

f

Fig. E-1. local level Reference Frame

where W 1is the heading with respect to north and L denotes latitude.
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The transformation between the body frame and north frame is

cosyY SINV O

¢t = |-snv cosv 0O | (3)E
g 0 0 I

The earth rate component as seen by the body frame is then

Ccocvw smwy o |[ncosL
Pt - |l-swmy cosv o 0
e 0 O: | |l-@snL
. : (4)E
0D.COSL Cosw
= | -ncosL sivy
~L2LSINL
so that the coriolis expression becones
: % 7 4
2N%xV=2|l2¢cLcY -0NCLSY -NSL (5)E
Vi Ve v

where VN' VE, VD are the N, E, D velocity componenis. The scalar com-

ponents of coriolis acceleration then, are

(20xV)x = -2V, cLS¥ + 2ynsL
(20nxV)y = -2V, L CLeY ~ 2V,.SL (6)e
(2n+V)y = 2vyN CLCY + 2V, CLSY
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Appendix F :
. ’
e Six Degree of Freedom Computer Program
L
SRUAN SIX00F Ta/T4 OPT =1 FIN a4.5¢610 09712777 17.09.%0
1 POGAM SIXIOF (ITNPUT,0UTPUT,TAPSS=INPUT)
EXTEANAL ARNCHA
CaLL CrFRrO
CALL INIT6
5 CALL SIXDEG (ARDIMA)
s7op

END "




4 AFIT/GA/AA-77D-8
E
S
SUSROU™INE ARDCHA T8/76 OPTay FIN &.5¢4104 09712777 17.03.
3 1 SUILIUTINE ARDCHA (M)
A C WoRs_€ 25¢C e S. FIKFNIF O, AFN=3PASE FN3R, WaLC12%56
E c UNIVERSITY OF MOT2S NAMI, NOTRE D4MF, IND. waL 01257
c HIL01252
4 C ARDC 1953 MODEL ATMOSPHERE SUARNUTINE WL 02259
2 c WAL01250
3 . SOMMON ZAIROLK/ T,0,2,VK,VS NALO0126h1
? DIMENCICON A3 LML), T(D, () N3L 01262
] DIMENSION HO(12),W1(11),42(11),W3(11),TR(11),P3(11),00(11) W3L 01253 5j
R . 10 c W3L 01264
d IATA KI/C,. 12000, ,42500% ,47079,,53000.,7 700.,90000.,,1€5000.,16000
. $9,9178709.,20006024,7C23C247
; OATA KW1/=,225560C =4, Carel T8496F=4,0,,=0153202E~4y00ye26145%E~4,

$.B885283€ =4, 750341735, .25071F6F=5,,2221237=-5/
15 . DATA HW2/=,52561271,044e11338757, ,0,~.753218E1,0.4.856120F1,
$o170325E€1, 34166361, .63723551,,37613751/
IATA M3/049e21575395=3,1,,.,1209R3%=3,0,,,206234F=3,0,904y045009047/
JATA VI/.51868853,.32975373,,39993453,,50478363,,50878A°3,
$.298188F3,,293139F 3T, 40518 3F, 283018 E4,,25E6185L,.293648547
20 JATA P3/,211621774y.%727723,.51379%2,,2515561,.12131E1,.2108F~1,
$.21895<2,.155626 3, 757823, ,5895LE-5,,29759€C -5/
IATA R/, 23763252, ,70025=1,4477RH535-4,,28324E=5,,139468¢5-5,
$.0611895=7, ,L261F=9,,22%2F =0, ,1365%=11,,1333E-11,.,6153E-12/
JATA CONL,CON2,CIN3, 20N, Z0N3yCINE/e3043,53567564.949.020576,0.0226W3L01278
25 $388E-05,198.72,93029.7/ W3L 01279
JATA £/1,,.753511,.3757377
DATA B/0.y4176164,,273%55/
OATA C/04yo22E6y4 135567/
DATA D/04yo25ES5,414EE/

39 c y H3L 01282
HGP=I0MN1747 (1.4 (201 *H/CON2)) W3L01233
IF(H5P.LT.0.) HGP=9, N3LC1234
00 1062 M=1,11 W32L 01235
] IFE45P-HI(M)) 1003,1004,1C02 W3L01235
35 1002 SOMTINUE N3L01237
IF ((HGP-HB3(12)).GT.0.) GO TH 1052 WRLN1288
. =12 w3L01289
2003 M=M-1 N3L01230
1006 TH=TACU)* (1, 4WL () *(HGP=H3(Y))) N3LC1231
0 IF ((MGP-90700.).GT.0.) GO T 1006 N3L 01292
T=TH W3L01293
30 75 1070 N3L01234
1006 IF ((H5P-180000.).GT.0.) GO TN 1009 2 W3L01235
1=2 N3L01236
(1] 50 Tn 1007 waLe1237
1009 [=3 N3L01238
1007 T=T4* (A(I)=8(I)®ATAN( (HGP=C(I))I/I(I))) N3L01293
3
1070 IF (W2(M))1011,1320,1011 NaLG1300 |

50 1011 TEMP=1, N1 (M)® (H3P-H4 ('), N3L01301
P=PG (M) /TEMPS* W2 (M) W3L 03302
R=PA(M) /TEMP*® (L. ¢d2 (M) H3L01333
50 19 1030 waLo1304
1020 TEMP=FXP(=W3I(M)*(H3P=-HA(Y))) N3L01305
55 P=PB (M) *TEMP W3L 01306
R=RA(M)* TEHO N3L0139”
1030 TF C((H5P-COME) .GT .0,) GO TO 1932 W3L01308
VS=COMISSART(T™) - W3LN1309
VK=SONL 8 (Te21,5/7((TeCNNS)P)) KoL 21310
#0 RETUH N3L D311
1052 =0, M3L91312
o220, NRLO1313
0. NILOL YL
10 32 vs=C. WILC1315

65 VKz0. NALO1316 I

RETUH . NILG13LTY |
£N) NALO1318

‘3;‘E§;:I. ‘!\‘v'lnkll-le\!3;1.|z (:ﬁ:)=:>‘\{
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i
F SUIRMITINEG CFRO Ta/T6  OPI=g FIN A.50810 09712777 17.09.
ﬂ 1 SUIPOUTINE CFRO 00003070
P c 00C200A0
€ SIXNIEG 30 C. W, INGIAM, AFRN-SPAST FANGR, 00000690
: # c UMIVERSITY OF NOTRT OAMI, NOTRE JAME, IND. 00000300
3 s c 03070110
i € READS SOTFFICIFNTS IN TASULAR FOOM 45 A FUNCTION OF ANGLE OF 00000120
1 ' C ATTASK 24D MACH NUMBER 00000130
! € MAXTMUM NUMAFR OF AN3LIS OF ATTASK = 20, MAXIMUM NUMBER OF MACH
33 € NUYASRS = 20
e 10 c 60000150
’ g 1001 FARMET(AL,1X,3T12) 00000460
’ 1002 FORMAT( /714X, AL HAY, 2X,10710.4721X,10F10,4)
4 200 FN2MAT(/SX " HACH® 3 1F 10.6,2X,10710,6721X,10F1044)
% 1004 Z02MAT (/1XA6, 3IX24C (12, 14)) 00000190
15 1006 FOIMAT(BFL0.4)
1007 FOMAT(8F10.4)
SOMMAN /COES/ AMTH(20430) ALOHA(20,30),C(20,20,20) ,NOA (30) ,NOM(30) 00000200
SOMMON /COEP1/ NOLY 03000210
SOMMON /POL/ CE(30), ALOHMAR,C4A,CMPA,C2A 0000C220
20 SOMMON /8L K1/ RUN -
DIMEMSION AMC(600),ALP(500),7C112000) 00006270
EQUIVALENCE (AMC, AMTH), (ALP,2L244),(CC,C) 00000240
c 0000¢250
C SET ARRMY TABLE TO 22R) 00000269
2s NPLY=zQ : 00000270
90 110 1=1,600 . 00005230
AMZ(T)=0. 00030290
110 ALP(T)=0. 06000300
% 111 I=1,12009 00000330
30 111 3C(I)=0. 00000320
. 00 112 I=1,30 ; 00000330
NOA(IY=0 (11T LMY
NOM(T)=0 00000 350
112 SONTINUE 80C00350
35 C2a=2.0 00090370
CMA=C.0 ; 00000330
-CMPAZ0,0 : €0700330
c 80007400
40 C READ NUMAFR OF AERODYNAYIC COEFFICIENTS 00000610
EWAD(5,1005) PUN, N3 -
1005 FOMAT(AG,4X,I2)
PRINT 1008,RUN,N2
1008 FOSMAT(1H1,2X,A6,2X,12 /7 )
[ € FO® SONSTANT ANGLE OF ATTAGK N9 AN3LE OF ATTACK TASLES ARFE READ 00000430
C FOR SONTANT MACH NUM3IE2  ONS TA2LE JF 9ACH NJUMSER IS READ 00000440
00 170 M=1,NC 00003450
. EAD(E, 1001) MAME, <, NOA(K) ,NOHIK) 00005459
PRINT 1004, NAME,K " 00003470
50 NMzNNM(K) 00003480
TF(NM.ENLO) NM=1 00000490
NAZNNA (K) 09000509
TF(NA.F0.0) Na=1 00000510
IF(NAL.FQ.1) GO Y 113
ss REAN(5,1006) (ALPHA(I,K),T=1,NA)
PRAINT 1002, (ALPHA(I,K),1=1,N4) 00000540
113 30 120 I=1,NM
120 READIS, 1007) AMSHIT,K),(3(I,J,%),J=1,NA)
00 176 I=1,NM 00000560
L1 125 PAINT 1003, AHCHIT <) o (C(1,0,4) g de1,NA) >
1J1<) ) 00009579
130 :o'l’l’l"t 000005480
(4 {TE]] 3 3
€ 00000530 :

R

BEST AVAILABLE (

[

Y
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 —r

20

30

35

L1

(1]

L]

55

SURGTINE ED

1900
1001

76/7T4  0°T=g FIN &.5¢014 09712777
SUSPOUTINE EQ 00004560
REAL MASS, IX,IY,L
INTECFO PG 00004590
SON™IN JAIRILK/ TEW,PRFS,RHI,XVIS, VA 00004600

SOMMON /COEF/Z AMIM(23,30) 44 PHA(2C,%C),C(29,20,%9) (NOA(I0) ,NOM(ID)ILD0C4510
SOMMIN ZINDSLK/ INSM, IWIND,ITSO, IPRN, TALL,NORC,IPUN,NROIY, ITRST,NT00CC-520

$sT D00CLE3D
SOMYON ZINIT/ TITLI(12),SCALF(30),A(22) 09006669
SOMMINZ THRUST/ZTI®(15) ,TOST(16),4AS5(15),C6(15),IX(15),IY(15),C6P 1100004550
33) 00006650
SOMMON/TSTOAT/ZEOS  TATC,FTA,L 3L Co00LE70
SOMMAN ZWINSLK/ NOW, YH{128),H(123,3) 00004690
SOMMAN/COEPL/ NPLY 00004690
SOMMIM /POL/ CE(37), ALPHA®,C9A,Z4P4,C7A 0006799
SOMMONZEDIK/0L (141 472 (16) 3371 C141 ,322C¢16) , WINCS) o DAL(10) ,O9E(20) BOCC&71D
COMMINZEDAK2/V,0,S,N2, ALPHAN, AMCH4H, PG, LN 00004720
COMMIN/ZEDIXI/AXX AXY J AXZ AV, AYY A2 JAZX 4 2Y,427 00804730

SOMMINZEDBKL/ LCOUNT

SOMMON /9LK1/ RUN

DATA COYD/ST.2957737

FO/Y"T(S6X,®~~=#)

FORMET (X TLy*TIME®, 5%, *ANGE® 65X, %4 T4, 7X,%2%,3Y,%y%,7X,%0%, 3x,
LOALPAA® (IX M (5¢ SDHT 4 20 (S LLOHA® 2N *NTTA® ,2Y, 5 =%, 3X,* -Ps,
26X, PH=N® X, *H=P® 35X, 85%,5K, #TR!|¢, 3¢, 8K-T8)

EOMAT(1X, Th,*SES®, 7X, *FEET® (50, 0FFET®,5(,*CFETH (X, ,*FT/SECH, 2X,
10A/735C%, 20, #0FG% 4100, #IF 3%, IX, 158 , 4 X,#DF58,1X,*1/SEC*,1X,
2%1/S7C% 41X *RA/STC®y 1X 4 *RA/SEAS 16X, *0E6 1)

2003 FORMAT (1Xp1F3e992F104.202F342,177,1,2F6.291F7.2,4F6.2,)2F7.4,

1010
1090
1091

821
L1}

11F8,3,1F6.2,1°7.3)

FOIMET(14112A44,3IX6L42A6FT4) 00006840
FOMLT (10F7,3,2X41HA) 00004850
FORIMIT (10F743,2¢,1HR) 000C4850
IF (800Y. E0. 1) GO TO 2214 00004870
IP=VC (2,%AX2°N2(2) =2, %AXX*I2(W)) 00004339
AP=2,%AXY*V*V-D2(31°N01(12) 00004890
XI=A2CTAN(3P,RP) 00004300
BETA=<ALPHAN®S IN(XI) o 00004910
ALPH= ALPHAN®COS(XI) 00006920
30 T 841 00004330
ALOPH=ATAN(NL (14L)/01(12))%30NN 00004340
SETA=ATAN(DL(13)701(12))%C0NN 00034350
PPx)>8CONTD 00504950
TF(MINILN,S0).NE.O) GO TO 2 00604970
P6=P5e1 . 000049319
PRINT 101C,TITLE,PG 00C04330
PRINT 1000 000050990
PRIN” 1001 00C05010
seInT 1002 00005020
=z N1(5) 0000500
IFLP.EN.D.) GO T) &rs2 00005040
SSAC=(N1(5)°01(5)*a(15)%A(15))/10°S*A{19) *CHA®A(16)%4L,) guoes05¢0
TAY = 1,/SORT(L, = 1./559C) 00005050
J2%= A(19)%A(19)*A(1 ") . 00005070
CLAMP = (2°S)/Z7(2.°A(18) V)P (TTA% (1. 0TAUN® D24/(2.°A(15))%(CF(27) 00005040
$511.-720)) = O24/AL15) *MMPASTAY) 00005030

CLAMN =(N®S)/7(2.°A113) V) *(T7A%(1.=TAUN ¢ I2M/(2,%AL16))*(CE(27) 00005120

17.09.

BEST AVAILABLE CCPY
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&0

65

e

5

85

SUARM)ITINE €3

T6/76 0Pr =g

$°(1.0TAU)) & D24/A(15)°CHPASTAY)

NLAMP=E (PPA(15))7 (2,4 (15005 (1. 1,/TAU)
ARx CLAMNSCLAMP=(P=NLAMN) * (2= A4P)
WLAMN= (P®A(15))7 (2,
33x-CLAMP® (P-WLAYM) =CLAMN® (2.4 A40)

AK3z (°S*A(19)°26(20)/7(A(15)°SQAT(AA®S2 + R2$92)))eCONN

GO T3 w763
CLAv=0,
CLanN=9,
dLeme=g,
NLAMN=C,
AK3=3,
TAY=C,
$S8C=0.0

4763 SONTINIE
PRINT 1363, (N1(I),T=1,4),V,01(5) JALPHAN,ANCYUN,PP,ALPH,3ETA,

1CLAVYN,CLAMP, NLAMN, L AMP,SSA3, TAU, AKS

IF(IPUNLEQ.0) GN T) 1113

LCOUNT=LCOUNT 1

IF(LZOUNT.Z0.10) GD YO 1112

OAL(LCOUNT) =ALPH
IR (LCOUNT) =8ETA
50 Y0 1113
DAL(LCNUNT) =ALPH
DRE(LCOUNT) =RETA
LCOUNT=0

LAzt

RETUN

END

SA(1R) )% (1. 2./7TAL)

SR -

09/12/77

00005110
900091720
00805130
00005140
00005150
00095169
00005170
00005190
00005139
63005200
00005210
00¢05220
80005230

00005250
00905250
00005270
00005230
€0005230
00005300
000C5310
00005320
000C5330
00005340
enno5150
0. 05330
€0005390
000C5400
00005610

B X

|
b
!

—

B



AFITVGA/AA-77D_8 ?

£ 2 SUSRCUTINE INITS T&/7¢  OPTay FTN &.500616 09/712/77 17,09.0
Pr. '
! > 1 SU3ROUTINE INITE 00000610 {3
| c 00001620
€ SIXIEG 2080 C. We INGIAM, ATRO-SOACE FNGR, 80000630
c UNIVERSITY OF NOTRE 7AMI, NOTRE JAME, IND. 00605640
E L c 00001650
| C INITIALI?ATION PROGRAM FOR N-OEGREE JIF FREEDIY MOTION (3¢N¢6) 00000550
¢ 000035790
WAL MASS, IX,IV,L 00000690
1001 FOIMET(1244) 00000690
10 1002 FOIMAT (/7/7/71X,2343340 OF INITIALIZATION INPUT//) 00003790
b 1003 FOMAT (4 (5(L1X,2HA(,I2,44) = ,F11,L)7)) 0800370
: ] 10046 FORMAT (1X,7HNORS = oL1,3X,7HIPRN = ,T12,3X,7HNALL = ,11,3X, £0030720 2
F s STHIPIN = ,11,3X,7HN3J0Y = ,T1,3X,OHISCALE = ,I12143X48HITRST = ,I1,700007739
$7) 00000740
' 15 1005 FOIMAT (//5(6(1X,R4SCALE(,T2,44) = ,EB.2) 7)) 00039750
1006 FORIMAT (/45X LHTIHE,5X,64THRUST,?X b 4MASS,5X,11H2G POSTITION,7X,5HCGAC03076T
i $-AZ,2HIX,7X,2HIY, /) 000007735
! 2007 FOAMATCLX 55,2 ,5¢,7540,5X)F5.398KFB802,8XyFba2,LXFB6.3,0X,F6.3) 02¢90729
1006 FOIMAT(SX, 13HTHRUST NATA *,3X,6HIPS = ,F5.243X,9HTHETAC = ,F5,.,2,3X00002790
3 20 $3BHETA = ,F5,2,3K,4HL = ,FS5.2,7//) 00000800
* 1009 FOIMAT(//,5X, 1443037 LENGTH = 4F9.2,7) 00000810
{ . ; T 1010 TORIMATITILO0)
; 1011 FOYAT(I10,3510.%,140,E10.4)
: ; 1012 FOIMAT(BELJ.4 7 3510.4 7 SEL0.4) . *,,
! 35 - 1013 FOIMAT(6EL10.4) 4
! © 108%k FOIMAT(2E10.4)
i 1615 FO2MAT(3(8E10.4 /), BE10.4)
; LOSINAL LSCALE,IaLL,LTRST - 60000820
: COMMON /MINSLK/ NOW, YH(128),H(128,3) 00€03829
{ 3¢ COMMIN AIRILK/ TEM, PRES,RHI,CVIS,VA €0000840
¢ COMMON /OENSLKZ “0D,YD(128),NEN(128) 5 TEMP(128) 00000850 g
i COMMON/COEPL/ NPLY r0000860
© SOMMON /POL/ CE(30), ALPHAR,CYA,SHPA,C7A 00003870
5 . SOMMON /INDSLK/ IDEN, IWIND,ITSR,IPRN, IALL,NORS,IPUN,NBODY, ITRST,NTC0007380
$3ST 00002830
SOMMON/TINIT/TITLE (129 4SCALI(371,48(22) 000993919
COMMAN/ THRUST/ TIM (15) y TOST(15),48SS(15),C6(15) ,IX(15),1v(15),C6P (100332910
$5) 00010920
(1] COMMON/TSTNAT/EPS, THTC,ETA,L 9L 000009730 A
EAD(S,1001) TITLE 00020940
¢ 00099950 :
00 19 I=1,15 00013959
TINCI1=0.0 00003970 !
4 5 (%3 - TRSY(I)=0,0 : 00001930
. ; MASS(1)=0.0 00006330
: ) 26(1)=0.0 00001900 i
° IX(1)=0.0 00001010 3
L IV(I)=0.0 00001020 3
: so S6P(TY=0.0 00001030
10 SONTTHUE 00004040
1OEN=0
x . 2 ININD=0
i 00 11 J=1,3 00001050
by ss 00 11 1=3,128 00001050
M(T,9)20.0 00001070
VNIV =0.0 00001030 |

BEST AV AILADLE COPY
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AFIT/CA/AA-77D-8

SUNRWTINE INITE {4 LY 0PT =y FIN &,5¢416 09712777 17.09
v0(11=0.0 s $0001090
IEN(INI=0,.0 00001190
(1] TEYP(I)=0.0 : 00001110
11 SONTINUE 00011240
00001130
C READ CONTROL PARAMETZRS 00001140
6 READU5,1010) NORC, IPRN,NALLy IPUN,N30DY, ISCALE, ITRST
LSCALE=ISCALE.EN. L 00001160
TALL=NALL.EQ.1 00001170
LIRST=ITRST.EQ.O 60001130
c 00001190
70 C READ INITIAL CONDITIONS . 00001200
LF(LTRST) GO TQ & 80001210
READ(5,1011) NTRST,EPS,THTC,FTA,L,8L
EPS=EPS/57.295773 00001230
THTIC=THTC/57.295773 5 00001240
75 0T 7 00001250
& SONTINUE 090001250
NTRST=1 ; 00001270
= 7 CONTINUE - 000012280
(1) REBN(5,1012) (A(I),1=21,22)
IFILSCALE) GO TO & 0001300
b0 2 I=1,30 00001319
2 SCALF(I)=1, 00001320
30 13 3 90001330
(1] 1 READIS,1015) (SCALE(I),I=1,30) 4
3 SONTINUE 00001350
IF(LTPST) GO TQ 5 9000135890

RELH(5,1013) TIM(1),~ASS(1),C0(1),IX(2),IY(1),CGP(1)
QEAD(5,1013) TIH(ID),MASS(TINI,COH(ID)4IXCID),IV(ID),CGOC(ID)

L L] REAN(5,1014) (TIM(I), TRST(I) I=1,NTRST)
5 S SONTINUE - 00001400
. c 00002410
€ ECHO OUTPUT 00001423
. i PRINT 1002 00001430
95 ARINT 1004y NORC, IORN, NALL, IP'INyNRODY ,ISCALE,ITRST 00001440
PRINT 1003, (I,A(I),1=24,22) 00001450
PRIN" 1005, (I,SCALE(I),I=1,30) 60001450
IF(LYPST) GO TO 5 oeoo1u7e
CEPS-EPS®57.295779 00001480
100 TI4TC=THTC*57,295773 000014690
4 PRINT 1008,EEPS,TTHTC,ETA,L 000015020
PRINT 1009 ,8L 00001510
PRINT 1006 00001520
PINT 1007, {TIMCI) yTASTIIN 94ASSCI)4COPII),COIIN o XX(I)oIY(I) X241 ,NTO00C15%0
105 3RST) 00001540
6 SONTINUE 00001550
RETU2AN 00001560

END €0001570
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. AFIT/GA/AA-77D-8 f
SUSRAUTINE SIXDEG 74476 OPT=y FIN 4.50014 09712777 £7.09. {
1 SUBRIUTINE SIXDES(ATHOS) 00001530
. ] UNIVERSITY OF NIT2F NAME, VYOTRE JAME, IND. 00201590
; 2006 FORMAT (124 ALPHA E2P0R2XEL4,9) 00001500
° 2005 FORMAT(1:M WIND EPPI2) 00001510
$ 2006 FOIMAT(11M MACH ERRORA2XC14.8) 000016290
2157 FORPYAT (1X,%F20.5) 00001630
: 8389 FOMAY (/// 5X,®=--==ALPHA ®,1F40.5,* DEGRCES EXCEEDS MAXIMUM®,
1° ALOHA IN ARPAY-e-=8)
19 2666 FORYAT(//5X,*~=--HATY %,1F10,6,° EXSEEDS YAXIMUM MACH *,
LONUYYNFR IN ARRAY-===*)
REAL MASS, IX,IY,4TX, MTY,4T2Z,L,4YJ0,42JD 00001640
WAL MI0T 00001650
. INTESFR PG 00001550
15 LOGICAL LCZA,LCHMA,LCHPA 00001830
LOGICAL LTaST & 00901840
- COMMON /RIRALK/ TEY,POF§,RHN,KVIS,Va 00001670
SOMMON /COEF/ AMZH(2C, 30) ,AL°4A(20,30),C(20,29,30) (NOA(30) ,0M(30) 00001530
COMMOM /INDBLK/ INENIMINDZITC2,I1PRN, TALL 4NORC,IPUNSNRDDY,ITRST,NT00051590
N $aST 000c1790
COMMON /INIT/ TITLE(12),SSALE(30).A¢22) 00001740
k SOMMON/ZTHRUST/TIM(15),T2ST(15).4855(15),356€15),I%(15),Iv(15),C6P (103001720
\ - $3) 00001730
. SOMMON/TSTNAT/EPS, THTC,ZTA,L ,2L 00001740
25 COMMON /WINALK/ NOW, YW (128),H(129,3) 00011759
SOMMON/COEPL/ HP_Y © 00001760
SOMMON /POLZ CE(30), ALPHAR,CNA,CMPA,CTA 05001770
SOMMIN /OENALKZ NON, YT (128),D°N(129) , TEMP(128) 00091750
SOMMOM/ZEDSK/D1L (149N 2( 141,37 1(1.1.552(15) uxnxs».on;q;o),unztxay 00361790
30 COMMONZEDSK2/V 1y Sy 02, ALPHEN, AMCAN,OG LN 00001800
SOMMON/EDSKI/A XX AXY JAXZ 4 AYX ZAYY y AYZ JAZX,42Y4A22 00001810
SOMMONZEN3KL/ LOIUNT
OATA COND,RAD/57.235773,.0174653233/ 00001820
LTST=ITRST.EQ.0 gooo18sa
= 35 I7ER=0 = 00001850
LN=0 00001870
PG=0 . 00001530
. 3 KQUNT=0 00001899
. ’ LCOUNT=0 00001990
A0 Y=z 00001910 ;
D2(1y=1, 00001920 |
$=3,1415927%A119) *%2/4, 00001330
g s 20 20 I=1,16 00001940
20 01 (¢IV=A(D) 00001350
(1]
. MI2:=RAD/2, 00001950
. 0=D1(8)*RA02Z €0001970
€=N1(9)*PAN2 00001930
. €:01(101°R402 80001392
k %0 2P:COSLE) 00002000
& 3 SP=SIN(E) 3 00002010
! Sr=cns(n) i 00002020
ST=SINID) (9] 000020%0
£S:COS(F) 00002060
ss §S=SIN(F) 00002050
C VEPSOR COMPONFNTS (54) 00002050
" J1(R)s-CPOSTOSSeSPeCTENS 00002070

r—

-
=
—< r
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AFIT/GA/AA-77D-8

SURGATINE SIXOES ?6/7¢ OPT=y FIN 4.50426 09/12/77 17.09.0
01(9)=-CPOCT*SSeSOeSTONS 00002081
A 31(1C)=CP*ST*CSeSP*LTOSS : 00002C90
(1} 31€13)=CPOCT2CSeSPESTSS 00002190
A4P=A (18) 00202110
W= 4(20) 00002120
235 TFEAC20)°(01(1)-2(21)).6T.0.)5) TO 597 00002130
=y 00012140
(1} $5 Ya91(¥) - 00802150
A LF(LTRST) GO TO 56 =t 00002151
X=01(1) 00002170
: TFIX.GY.TIM(NTRST)) 30 T3 58 00002150
i I=1 00002190
frea (] S8 TF(X.LT.TIM(I+1)) 30 TO 57 00002290
¢ 133 38 00002210
i 30 7O s8 00002220
i $7 SONTINUE 00002230
! YisTRST(I) 100002240
! 3 V2=T2ST(I+1) 00002250
f VY16 (X-TIM(IN)S((Y2=YL1) 7 (TIM(T41)-TIN(IN) 00002260
! ATRST=Y 00002270
d ‘ < Y1=MASS (1) 00032230
. | [ 1] V2:MASS (NTRST) 00002220
i Y2Y16 (X-TIM(1))®((Y2-Y1)/(TIMINTRST)=TIN(1))) 00002330
: s a(18) =y 00002320
4DOT= (AMP-4(18))/A(20) 00002320
AMP=8 (18) - 00002330
3 ¥1:3611) 00002340
i V2:CG(NTRST) 00002350
VY26 (X=-TIM{1))® ((Y2=-Y1)/(TIM(NTRST)=TIM(1))) 00002360
i : AC3=Y 00002370
: Yi=Ix(1) 0000230
L] C2=IX(NTRST ) 00002330
Y=¥1e (X-TIN(1))®((Y2-Y1)/(TIM(NTIST) =TIM(1))) 00002400 i
W(15) =y 00002410
viziv (1) 00602423 4
Y2:IY(NTRST) 90002630
5 V=vie(X=TIM(1))®((Y2-Y1)/(TIM(NTIST) =TIN(1))) 00002440
A(16) =y 00002659
Y1=£6P(1) 00002460
¥2=CGP(NTRST) 00002470
- YEY10 (X=TIM(1))®((Y2=-Y1)/(TIM(NTRST) =TIN(1))) 00002450
100 SGL=Y 00002430
§6 SONTTHUE 00002500
TFEX.GT TIM(NTRST)) 4DOT=0. 09002510
S SCL=1./SORT(01(8)**2¢01(3)%%2¢N1(10) **2¢02(11)°%2) 00002520
. 0118 =SCL*D1(B) 00002530
- 105 01(3)=SCL*N1(9) 00002540
* 01(10)=SCL*N1(10) 00002551
—re p J1¢11)=SCL*N1(11) 06002560
¥ CALL BTMOS(Y) 00002570 q
. ’ € MATRIX OF NIRECTION ZOSINES 00002580
; 110 AXX=N1(8)**24D1(11)%°2-.5 00002590
- AXYeN1C81°N1(T)eT11(10)°N1(1Y) 00002600
| » AX2=71(8)°01(10)-N01¢11)°01(I) 00002510
. . AYX=N1 (6)°01(9)=71(11)°D1(10) 00002620

. BEST AVAIIBIE COPY |
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AFIT/GA/AA-77D-8

SURRQITINE SIX0SG Te/Te  OPT=} FIN A.50018

115 AYYEN1(9)%%2e04(21)%2-,5

' AY7:01(9)°D1(10)eDLL212)®DNL(S)

! A2n=01(8)*D1(1M eD1( L1102 ()
A2¥201(9)*N1LLD) =NL1LLLI*3L(Y)
Q22=N1(10)°°2eN1(11)*%2-,5

12e IFLININDLEN.D) G) TO 2106

€ SO0MJTE WIND
TFLY.LT.Y%(1)) 6D YO 101 -
I=2
$00 IFC(YN(I).GEL.Y) G) TO 210
125 I=leq
%0 YO 100
101 PRINT 1005
ETUIN
220 TASF(Y-YM(I=1))/7(YH(I)=YAd(I~-1))
138 90 270 x=1,3
220 MIN(COI=W(T=1,K)¢TASES (W(T4X)=N(T-1,4))
€ MIND COMOONENTS
AXZ2, P (NINCL)PAXXSATN(2)CAXYSUTIN(3)I®AXD)
. NY=2, 5 ININCL) CAYXOAIN(2)SAYYSUTN(I)®AYD)
135 NZ22,% (WIN(1)®AZXSAIN(2)AZYSWIN(3)*A22)
C VELOCITY VYECTOR
91(12)201(12) =ux
J1(13)=01(13)~NY
D1(157=01(14) -W2
180 C SPEE)
2104 v=SN2T(D1(12)%%2001(13)%%24N1(14)%%2)
C ALPHA PRIME « YAW = ARCTAN(SART(VOVew® W) /7U))
ALPHAP= ARCTAN(SART (DL (13)°%2+11(14)°%°2),01 (120}

188 ALP4AN=ALPHAR®COND
5 C DYNANIZ PRESSURE
' : 2=,5*2H0° VY
i € SROSS-SPIN
AP2=SOAT (D1 (6) 22431 (7)%%2)
150 € ROLL ANASLES
IP=ACTAN(DL(13)4N1(14))
0P2=LRCTAN(=-D1(7) ,01(6))
2 C PO/s2v aND 1072V
- ' = IF(V.GT40.) GO T 2214
15 2 SONTINUE
. PDz0.
20=0.
e i AMZHN=0.
* 30 70 2215
. 150 2236 PD=(NL1(S5)*A(19)) 7 (2.%V)
Q%:=(NPP*A(19)) /7 (2.°V)
AMSHE=V/VA
2215 0SD=N*S*A(19)
ISH=(N"S)*1./4 (19)
165 C INTERPILATE COEFFICIENT TAALES
S 00 170 X=1,390
TFCCM0A (KD cEQe0) 2 AND L (NOU (XY JENLTYY GO TY 145
1=
- J=1
170 IF(NOA(K) . EQ.0) 50 TO 120
. IFCALPUHANGLLTALPHA(L,K)) 30 TN 141

es12777

00002670
00002640
00002650
00002662
00092670
00002680
00002639
60062700
00002710
00002720
00002730
00002740
0202750
00002760
,8000277g
99202730
00002739
00002800
09C02810
00002623
00002€33
00002840
00002550
00002850
80002679
00002330
00022830
00002300
00002919

20602929
00602933
90002949
00002950
60002950
00002979
0000298
90002930
00003390
0003010
23003020
60003330
00001240
00003050
90003050
00003070
8009030
00803090
80003100
00003110
00003120
00603140
0000158
00003160
20C0Y170
00003140
00003190

17.09.0
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AFIT/GA/AA-77D-8

SUSROITINE SIXDT3 T&/76 OPTsy

178

160

185

190

195

10

218

220

225

c

11
(L X 1]

N=NOA (X)
TF(ALPHAN.GT . ALPHA(N,K)) GO TO 8838

Ju2?

IF(ALPHA (J,K),GE, ALPHAN) GO TO 115
J=)e1

30 7O 110

PRINT 1006, ALPHAN

RETURIN

PRINT 8889, ALPHAN

RETUCH

245 FRA=Z(ALPHAN=ALPHA (J=1,%)) ZLALPHA(J,X) =ALP4ALJ-1,X))

120

130

131
1131
135

160

145
150
oM
1511

1513
1512

IF(NOM(X).€Q.0) 50 TO 140
TF(AYCHN.LT.AMCH(L1,K)) GO 9 131
N=NOM (K)

IF(AMCHNL.GT.AMCH(N,X)) GO TO 1131
=2

IF(AMCHI,LK) .GE.AMCHN) GO TO 135
I=Te1

€0 10 130

ORINT 1006,AMCHN

RETURN

O/INT 1665, AMCHN

RETUPN

FRY= (AMCHN=AMCH(I=1,K))/(AMTH(T,<) ~AMCH(I=1,K))
SECNI 20 (T=14J,K) ¢ FM* (C(I4J,¥)=C(I-1,yJ,K)})
IF(NOR(X).E1.9) 50 TO 150
T2=C01-2,J-1,K)#7RY®°(C(IyJ=1,K)=2(I=1,J-1,X))
LCZAa=K.EQ.6

LCYA=K.E0.13

LCuPA=K,ET.19

IFILCZA ) C2A=(CE(K) -T1) /LALPHA(J,K) =ALPHA (J=1,K) ) *COND*

$SCALE (X)

IF(LCMA ) CMA=(CE(C) =T1)/ (ALSHA(J,K) =ALPHA (J-1,K) ) *COND*

$SCALF ()

TF(LCHMPA) CMPA=(SE(K) =T1) /(ALCHA(J,K) -ALPHA(J-1,K) ) *COND®

$3CALF ()

SEAK) =T 14FRAS(CE(X)~TY)

30 70 150

CECKI=C (I, J=-1,K)¢FRA® (C(T,Jy)=-C(I,J=1,K))
50 10 15¢

SE(KY=C(141,K)

CF(X)=TE(KX)*SCALEZ (K)
PUTE TOCFFICIENTS CXy CY, CZy CLy CMy CN  (TARLE 3)
SONTTNYE

IFINPLY NE.1) GO TD 1512

D0 1513 KkX=1,30

SE(KX)=CE(XK) *SCALE(XK)

CAONTINUE

SP: SIN (0P)

cP=LNS(0P)

SPL=SIN(L.*NP)

CP4220S (L. %0P)

SOPL=SIN(L.*0PP)

SPPL=L0S(4.°0PP)

Sx=CE(1)

FIN A.5¢614

Q9rg2/777

80003200

00003210
80003220
00003230
00003240
00003250
00003260

00007270
00003280
00003230
00003300

60003340
00003320
00003330

00003340
000033519
00003361

000C3370
00003330
90003390
00003600
C0003610
00003420
00003430
00603640
0008 %50
0000 %469
00003470
00003650
0C003430
0C00 Y500
00003520
80003520
00093530
000C 3560
000¢€ 3550
00003560
00003570
09003580
60003530
00003600
0000310
0000629
00093630
0000 364G
00003650
000034560
00003670
00003630

17.09.
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AFIT/CA/AA-77D-8 {
3 SUSRWTINE SIXDES T8/76 oPT =g FIN &,5e014 09712777 17.09.
q
3 v
: 230 SYS(TF(2)¢CE(3)®SPLeCE(L)SCPLeINPCE(S)I®SP¢(CE(H) ¢CE(T)*SPLeZE(S)*00CL 590
$CPL)*SPeCEL22) 09003700
¢ S23(CE(2)¢CE(I) 3P e CE(LI®CPL42IPCE(5))®(=SPI+ (CE(B)*CE(TI®SPL4CE( 00022712
. . $8)°CPL)I®CP4CE (2) 00007720
3 - SLECE(A) eCE(30) ¢SE(10)°SPLeTT(11) %204 ¢00*E(12) ¢ALPHARS(CE (24) ¢2E(CCCAT73G
235 $25)*SP+CE(26)*CP) 00033760
CHz(CF(13) +CE(1%) *SPLeCE(15) 22041 %Co4 (CE(15)8CC(17)2SPLeNrE(18)9CPLOSAITTS)
; $ePIPCF(19) ) SPe(CF(27) 4CE(29) "SPPLeTE (29) *CPPLI*CD2CNS(2PP)«CEL20) 70027760
: CN=(CE(13) ¢CE(16) *SPL+CE(15)%C6) % (=SP)e(SE(15) ¢CE(17) 2SO 40E(18)%0NCNTTT70
i $20%¢>NPCE(19))*C2¢(CE(27)#C3(29) *SPP4eCE(29) *CPPL) *ND® (~SIN(OPP)) #0600 1739
A i 260 $2E(21) 00003790
) ! IFC(ININDL.ENLO) GI YD 151 00C03510
H C ADD WIND PaCK 0003810
3 91€12)2011012) +WX 00001320
21€1%)=01(13) +HY 00903430
; i 268 N1€1%)=01(14) #NZ 00003349
4 ! C WINEMATINAL RELATIONSHIPS 00003850
3 ; C * vVI_OZITY (9) £000 7850
] ! 151 92€2)=2.°(N1(12)*AXX+01(13)*AVX+I1(14)2AZX) 00003370
i | - D2¢3)=2.%(ND1(12)%AXY+D1(13)%8Yr4I1(14)%A2Y) 00003380
. i 250 D2CL)=2,%(N1(12) *AX24D1(13)*AY7+71(14)*AZ2) €0003330
! C ® MOYENTS 00003300
. 02(5)=1./A(15)*(1S7*CL) 00003910
; ’ D2(6)=1./A(16)*(1SI*SY+D1(5)*IN (7)*(A(16) =4 (15))) 000013320
02(7)=1,/8(162°(2SI*SN=D1(5)*71(5)*(A(16)=A(15))) 00003930
255 C ® VE3SO? (10) 00003340
: 02(R)=-,5%(~01(5)*)1(11)=02(7)1*71(9) +N1(5)*NL(15)) 0003350
D2(9)==¢5%(=D1(K) *11(11)#I1(7)*01 (R)=21(5)*01(10)) 00003360
A : J2010)==,5%(=01(7)*01( 11V =IL(5)1*I1(3) ¢NL(5) *21(5)) 00053979
D2014)==,5%(D1(5)*21(3;431(51*71(9)+01¢ 7)*01(10)) 02003330
269 IFINNRCNELQ) GO T 230 00003330
- 622, (A(17)-,30783368E-5%21(3)) 00004090
= 39 70 250 00004010
230 6=2.°4(17) 00004020
265 C * FiCE 00004029
250 D2¢17)=QSHPCX=6G*AXY~(N1(6)*71(14)-01(7)*01(13)) 00004040
J2€1 ) =QSHPCY=GoAYY=(D1(71*01(12)-01(5)®I1(14)) 00006059
] 02€14)=0SM*CZ~-G*A7v=(01(5)*01(13)=01(6)*01(12)) 00004060 ]
. ; . IFCLTOST) GO TO 25¢ 0800407¢ 3
270 TX=ATPST*COS (EPS) 00C04CS0
TYZATOSTOSIN(EPS) *SIN(THTC) 00004090 4
’ FZ=-ATRST*SIN(EP3)*COS(THTD) . 00604100
8 . SYX=FYA®TX 00904110
. MTY==-(RL-CGL)I*TZ 00004129
; 275 4TZ=~("L-COL)*TY 00004132
k 5 MYJN=HMNOT®N1(6)*_*+2 00004140 4
£ «4ZIN=MNOTENL (7)o %2 00004150 3
02€5)=N2(5) +MTX 000064150 .
92(6)=D2(5) ¢ (MTY+HYJI+N*S*CI%ASG) /4(16) 00004170 4
280 D2€7)=02(7)+(MT7+M7J9eN%S*CY*47G) /A116) 00006130
02(121=02(12)+TX/A(18) 00004130
D2(13)=02(13)¢TY/A(18) 00C04200 3
3 32€16)=02(14) ¢ T7/7A(18) 00c04210 3
251 SONTINMUE 0000622C 3
285 IF(LM.EQ.0) CALL €D 00004230

BEST AVAILABLE COPY




SUBROUTINE SIXOFG T6/76  0°Tst i FIN &.50410. 09712777 17.09.0
s C RUNGE-KUTTA CONSTANTS 5 000046240 |
00 298 I=1,14 00004250 .
60 TN (294,295,236,297,70),41 00004260
296 JEL(TI=0L(]) ; 00006270
290 9€2(1)=02(I)*H - 00004220 |
€1=0E2(1)% .5 00004299
30 Tn 298 00004390 ;
295 £1=02(1)°,.5°H 00004310 }
5 IE2(1)=DE2(1) +4.%F1 00004320 b
298 30 Y2 298 00004330 i3
296 E1302(1)°M 00034340 f
JE2(TI=DE2(I) +EL+EL : 00004350 i
30 T0 298 * 00004360 /
297 E12(NE2(I)+N2(TI)*H) /5. 00004379 i3
300 298 J1(I)=0E1(I) ¢E1 - 00004340 i
qizMgeg : 00006393 {
i 60 T0 55 J : eo0sLu00 ]
3 70 30 T (5L0,550),46 00004610 1‘ g
. SA0 KOUNT=KCUNT#1 - 60004420 3
E 305 3 TF(D1 () -2(22)) 550,597,580 00004430 E
i 3 850 IFCARS(D1(3)-A(22)).LT,..01) GO TI 537 00004440 !
3 . : 4=2-(N1(3)-A(22))/0D2(3) 00004450 i
: “ws=2 < 60004460 1
= ; LTE2T 08006670
s 310 ¢ C NEXT TIMT LINE 0000Lk30
; 30 Y3 55 €00044%30
380 IF(MODCKOUNT,TPRY) .NE,0) GO TO 25 00004500
: CALL ED 00004510
3 i 50 T0 25 : 00004520
‘ 318 $97 CALL €D 00004539
! RETURN 00004560
END 00004550

._,__._._.A
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FUNCTION ARCTAN Te/76 OPTa=y

15

B e e e T ————————— L P E Y

SR & we

9
11

12

FUNCTTON ARCTAN(®1,P2)
IFP?) 2,1,2

IFLPL) 3,8,
APCTAN=4.7123890
RETUIN
ACTAN=1,5707963
RETU™N

IF(P1) 5,6,5
IFLP2.6T.0.) GO TO 8

ARCTAN=3.1615927
RETUAN

ARCTANz .0

RETUN
ARC=ATAN(P1/P2)
IF(P2) 10,9,9
ARCTANZARC ¢3.1415927
RETUN

IF(AT) 11,12,12
ARCTAN=ARC+6.26831853
RETUN

ARCTAN=ARC

RETURN

END

FIN 4.50618

Wss2/77

AC0%009
ARCJ0010
ARCI0020
ACe0C30
AC00040
ARC00050
ARCJI0050
ACo0470
&RC00030

ARCJ0090
ARC00190
AC00110
AC001290
AC00130
AC00140
AC02159
AC00150
AC00170
ARCO00130
AC00190
ARCO00200
AC 00210
AC00220
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