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Part One 

 orm mu la ti on and Analysis 



A. INTRODUCTION 

A rocket in flight has three linear and three angular degrees of freedom. A 

mathematical model m be devised which describes the motions within the six 

degrees of freedom ana this '6-D1 model may be programmed for solution by a 

digital computer. Given a set of initial conditions and tables of rocket characteris- 

tics, the equations which make up the model may be evaluated repeatedly with 

respect to time to give an accurate simulation of the flight of a rocket. 

The '6-D1 model, however, has two deficiencies: 

1. Significant effort is required in preparing the input data to be used by 

the computer program. A specimen '6-D1 simulation shows that over 

700 input data items are  required. When trajectories must be predicted 

for a new type of rocket, only part of this data set may be available 

from the mamdacturer. The remaining items must be calculated fibm 

aerodynamic theory. All the data must then be transcribed in the exact 

form required. As a result, preparation of the input data usually takes 

at least two man-weeks. 

2. Each '6-Dl computer run may require as much as four hours of expensive 

computer time. 

For these reasons, models utilizing various subse ts  of the six degrees of freedom 

are used in trajectory simulation. A '3-Dl model with only linear degrees of 

freedom is especially attractive, since the coefficients for the angular degrees 

of freedom are the most difficult to determine and the angular equations are  the 

most time consuming for the computer to evaluate. 

Of course, the '3-D1 model is less accurate than the '6-Dt model. This is because 

the model lacks angular motions and the thrust vector orientation is assumed to 

be aligned with the velocity vector. Unless the angle of attack is zero, this is n ~ t  

true. 



Figure 1 shows a typical angle of attack versus time history of an unguided rocket. 

The time scale is divided into three periods. In Period I the rocket has a finite 

angle of attack and is said to be untrimmed. In Period 11 the angle of attack has 

been trimmed out to zero and in Period 111 the rocket is again untrimmed. 

The manner in which angle of attack is generated is shown in Figure 2, a vector 

diagram of the forces on the rocket immediately after launch. Angle BOC is the 

launch elevation angle. OC is the thrust minus drag vector, aligned with the 

principal body axis. Vector CD represents the acceleration of gravity. Vector 

OD is the sum of OC (the thrust minus drag) and CD (gravity). The rocket is 

accelerated from rest in direction OD, but it is pointing in direction OC. Angle 

DOC represents the angle of attack. 

This angle of attack is gradually reduced to zero by the stabilizing moment (Mo) 

produced by the rocket fins. Trimming does not take place immediately because 

the stabilizing tendency is resisted by the large moment of inertia about the 

rocket's principal axis. 

If the angle oi attacir i s  assumed to be zero during Period I (i. e. , before the rocket 

trims out), large errors in the predicted traiectory may result. This is the case 

when standard three linear degree of freedom simulations are used. Further 

errors may result from assumptions about other initial and launch conditions. 

To reduce these errors, the computer program described in this paper uses three 

separate subsections to predict trajectories. A launch rail subsection is used 
. until the rocket has left its launcher. The program then switches to a special 

'3-D' section which computes motions in two linear and one angular degrees of 

f ~ ~ e d o m .  This permits accurate simulation of Period I flight when the angle of 

attach is finite. When the rocket trims out, the program switches to the standard, 

three Itnear degrees of freedom model. This model is used throughout Periods II 

and In. 
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FIGURE 1: Angle-of-Attack/Time History 
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FIGURE. 2:  Forces on Rocket 
immediately a f t e r  Launch 



The standard '3-Df model can be used accurately in Period 111 despite the un- 

trimmed condition because the rocket is not thrusting. This untrimmed condition 

results from the lack of restoring moment due to low atmospheric density, The 

aerodynamic force on the fins varies as the product of velocity squared and at- 

mospheric density. Thus, although the velocity is high in Period III, the density 

ie low enough that the restoring moment is  insufficient to maintain a zero angle 

of attack. 

In the absence of thrust, therefore, the untrimmed flight of Period III has no 

effect on the trajectory. Should there be an upper stage to be fired in Period 111, 

the "HYBRID 3-Dw program has a thrust vector control option to handle Shis case. 

There is also an option to change the aerodynamic drag on the spent rocket during 

this period. 

By using the launch rail subsection, the special '3-D' section, the standard '3-Df 

section, and the thrust vector control and aerodynamic drag options, the program 

can calculate the rocket's impact point with sufficient accuracy for range safety 

hazard tstimation and for the planning of payload recovery operations. 

B. BASIC ASSUMPTIONS 

The mathematical model used in the "HYBRID 3-Dw program includes such effects 

as the variatiot? of aerodynamic coefficients with Mach number, the change of 

engine thrust with time, and the change of rocket mass due to  propellant burning 

and stage separation. But some simplifying assumptions have been necessary to 

speed calculation, These are  detailed below. 

Please note that where equations are given, the notation is similar to that of 

FORTRAN, with the provision that all variables are of type '1EAL'. 

1. Earth's Geometric Shape 

The shape of the earth is a "pearf1 shaped spheroid with a slightly smaller 

northern hemisphere. The oblate spheroid is usually used a s  an approxi- 

mation to the earth's shape. Howevor, for sounding rocket trajectories, 



wherc the range of the rocket is short in comparison to the circumference 

of the earth, a simplified model may be utilized: the ttlocal spherical 

earthw in which we approximate the earth's shape by a sphere with a 

radius equal to the geocentric radius at the launch site. In the program, 

the local geocentric radius of the launch site (RE) is set to 20899262. 

feet, a value appropriate for Wallops Island. 

2. Earth's Gravitational Field 

The gravitational potential of the earth is simplified to the inverse square 

law without harmonics, i. e. : 

where: GG - is the gravitational potential; 

GM - is defined as 1.4076576El6 feet**3/secunds**2; 

R - is the distance from the geocenter to the vehicle. 

The components of the gravitational potential are: 

GX 3 -GG& 

GY -GG*Y 

GZ = -GG*Z 

where X, Y, and Z are the geocentric coordinates of the vehicle. 

3. Atmosphere 

We have selected an atmospheric model which closely approximates the 

1962 U. S. Standard Atmosphere. (Reference 6) 

The subroutine ATMSPH is called with altitude as the argument. Tbe 

atmospheric parameters pressure, density, temperature, v; scosity , 
and speed of sound are returned. 

4. Earth's Rotation 

During the short duration of Period I, the rotation oi' the earth may be 

neglected without appreciable error. In Periods XI and lII, the effect of 



the earth's rotation is accounted for in a transformation from a Launch 

Inertial Coordinate System to an Earth Fixed Coordinate System. 

C. COORDINATE SYSTEMS 

In the trajectory calculation, five sets of Cartesian coordinates are  used. They 

are discussed in detail below: 

1. Inertial Coordinate System &Y, Z) (Inertial at Launch): 

The origin of the Inertial System is the earth's center. Once the X and 

Y axes are determined at launch time, the Inertial cocrdinates aze fixed 

in earth-centered space, and do not rotate with the earth. 

X - on the earth's equatorial plane, pointing to zero longitude at 
launch. 

Y - on the earth's equatorial plane, pointing to 90° East longitude 
at launch. 

Z - perpendicular to the equatorial plane, pointing to the North Pole. 

2. Earth-Fixed Coordinate System (XE, YE, ZE): 

The origin of the Earth-Fixed coordinate system is the center of the 

earth. However, unlike the Inertial system, whose origin is also the 

earth's center, the XE and YE axes of the Earth-Fixed system are the 

Greenwich and 90' longitudes respectively and rotate with thc earth. 

At the moment of launch, the Earth-Fixed axes coincide with the Inertid 

axes. 

X~ 
- on the earth's equatorial plane, always pointing to the Greenwich 

longitude. 

YE - on the earth's equatorial plane, always pointiag to 90' East 
longitude. 

ZE - perpendicular to the equatorial plane, pointing to the North Pole. 



3. Instantaneous-Topocentric Coordinate System (x, y, zl: 

The origin of the Instantaneous-Topocentric coordinates is the projection 

point of the moving rocket on the earth's surface, the point at which the 

geocentric radius vector to the rocket intersects the earth's surface. 

x - on the local horizon plane tangent to the instantaneous projection 
of the rocket, directed along the local geocentric north. 

y - on the local horizon plane tangent to the instantaneous projection 
of the rocket, directed along the local geocentric east. 

z - perpendicular to the instantaneous local tangent plane, directed 
along the geocentric radius vector, and pointing toward the 
earth's center to complete the right-hand system. 

4. Launch Coordinate System (y . yL, zL): 

The origin of the Launch coordinate system is the launch site. The 5 
a d s  is chosen to point in the direction of launch. 

5 - on the launch-tangent plane, pointing in the direction of launch. 

YL 
- on the !3unch-tangent plane, pointing normal to the launch 

azimuth in the direction which with x and zL fomns a right- 
hand system. L 

z - perpendicular to the launch-tangent plane, positive upward 
from the earth's center. 

5. Body Coordinate System (xB,yB,zB): 

The origin of the Body coordinate system is the center of mass of the 

rocket. 

x - along the rocket principle axis, positive forward. B 
- iiormal to the xB-zg plane in the direction which completes 

YB tbe x3g~-hmd system. 

z - perpendicular to the x axis aad contained in the plane of 
symmetry of the rock&, positive downward. 



DYNAMIC EQUATIONS OF THE ROCKET 

1 llHY BRID 3-D" simulates the trajectory of the rocket with two models, one for 

Period I and another for the rest of the flight. The dynamic equations for eat", 

model are given here. A FORTRAN-like notation is used (all variables arc 

type lfREAL1l). 

1. The Equations for Period I, using two linear and one angular degrees 

of freedom: 

AZL = ((THRUST-DRAG)*SN + FNORM*CS)/MASS-GO 

THDD 1 (-LSM*FNORM)/INERT 

where 

AXL - acceleration in the XL direction, which is downrange at 
launch 

THRUST - the thrust of the rocket motor. Found from table look-up, 
with time as the argument 

CDS - is given by sub-routine TAB1 which wters a look-up table 
with Mach number as the argument to find CD, the co- 
e£ficient of drag, and multiplies this by SAREA, the 
reference area 

Q - is called the "dynamic pressure". 

DENS - is given by the Standard Atmosphere subroutine lATMSPH1, 
entered with altitude as the argument. This sub-routine 
also gives 

TEMP - temgerature 

PRES - atmospheric pressure 

VISC - viscosity 

SOUNP - the speed of sound. 



cs 
THETA 

FNORM 

CNA 

SAREA 

Q 
ALPH 

GAMA 

MASS 

AZL 

THDD 

LSM 

LCP 

LCG 

INERT 

are velocity components in the downrange and vertical 
directions, Found by integration of .4XL and AZL. 

is the inclination angle of tho rocket, the angle between the 
principal body axis and the hc.izonta1. It is originally set 
to the lmnch elevation angle, and is modified by double 
integration of THDD, THETA double dot. 

is the slope of the coefficient of the normal force acting 
on the center of pressure. 

is the reference area. 

is defined above. 

THETA - GAMA, and i s  called the "angle of attackw. The 
program switches from the Period I model to the model 
used for the rest of the flight when ALPH becomes zero 
(found by interpolation as it crosses from plus to minus), 
The duration of Period I is about 0.8 second for a 
NIKE-CAJUN, and about 5 seconds for a SCOUT. 

ATAN (VZL/VXL) 

GAMA is the i%@t path angle rvhich defines the dix . , , 

in which the rocket is moving 

is the weight of the rocket divided by the force of g~,!ity. 

is acceleration in the Z direction, which is vertical at 
the launch site. &I 

is THETA double dot, the acceleration in the rocket's 
inclination angle to the XL axis. 

LCP-LCG. 

is the distance from the reference position (usually the 
nose of the rocket) to the center of pI'086Ure, 

is the distance from the reference position to the rocketle 
center of gravity. 

is the rocket's pitch moment of inertia. 

The equations above have been simplified by the edimhdion of effects such 

a6 pitch damping and jet damping which were found to have no significant 



effect on the solution, since Period I is of such short duration. Some 

variables are made constants, with the same justification. Some of 

these are: 00; CNA; LSM; and INERT. 

2. The Equations for Periods II and III: 

The angular motion of the rocket is neglected; only the linear motion 

is considered. The equation3 of motion are  written in the Inertial 

Coordinate System. 

XDDOT GX + (THX - UX)/MASS 
YDDOT a GY + (THY - UY)MSS 
ZDDOT GZ + (THZ - UZ)/MASS 
,-DOT - is X double dot; the acceleration is the direction of the 

Inertial X-axis (please refer to Section C for a deflnition 
of the various coorclimate systems used). 

GX - is the X component of the acceleration of gravity, US 
felt at the rocketfs center of gravity. 

THX - is the rocket's component of thrust in the X-direction. 
This component of thrust would nonnally be taken in the 
direction of rocket motion, except that it may be modified 
'by the thrust control option. The thrust control option 
may be specified to hold the thrust direction of the rocket 
constant after 8 giveu time of flight or  rocket altitude. 
This option is ubcful when the rocket attains an altitude 
where the atmospheric density is so low that the rocket's 
gyroscopic stability tends to keep i k  pointing in a constant 
direction and there is to be an uppew-stage firing (Period UI). 

UX - is the component of drag in the inertial, X direction. 

lVIASS - is the present weight of the rocket, derived from weight 
tables, divided by the sea-level acceleration due to gravity. 

YDDOT, 
ZDDOT 

- are the compcaents of acceleration in the inertial Y and Z 
directions. Their equalions are symmdrical with the one 
for XDIXYT, 



3. The Equations for the Launch Rail: 

The user may specify the type of launcher to be used for the simulation. 

The simulated wocket will then be accelerated from rest along the launch 

rail and will have an initial velocity at release. This initial velocity 

will decrease the duration of Period I. The equation of motion is: 

LACC a 

LACC - 
THRUST - 
WEIGHT - 

sn . - 
DRAG - 

MASS = 

GO - 

(THRUST - WEIGHT*SEL - DRAG),'MASS 

is acceleration in the direction of the launch rail 

is found by table look-up, with time as the argument 

is the rocket weight, found by table look-up; time is the 
argument. 

is the sine of the elevation angle of the launcher. 

is the aerodynamic drag of the rocket. This term is quite 
small, and could be neglected. The friction drag of the 
launcher is not included, although the equation might he 
reformulated to add it to the aerodynamic drag. I .  the 
practical case of launch elevation angles of perhaps 80°, 
the normal force on the launch rail (which is multiplied 
by the coefficient of friction to give the friction drag) is 
very low, rcsultiw in negligible friction drag. 

WEIGHT/GO 

is the acceleration due to gravity at sea level. 

The initial conditions are entered and then this equation is integrated 

repeatedly to give the velocity and distance traveled on the launch rail. 

When this distance equals the length of the launcher, the program switches 

to solution of the equations for Period I. 



E. SUMMARY 

8 A computer program, ''HYBRID 3-D9', hae been described which simplifies tra- 

jectory simulation. 

A comparison of a "6-D" trajectory, a %tandardw 3 4  trajectory, and TiYBRID 

3-D" is shown in Figure 3. ''HYBFUD 3-Dw achieves good accuracy through the 

special treatment of the untrimmed period near launch. 

''HYBRID 3-DM also contains a simulation of the dynamics of the launch rail to  

enhance accuracy in simulating the trajectory of slow-accelerating rockets. 
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r) 
I. INTRODUCTION 

This  t r a j e c t o r y  program i s  w r i t t e n  i n  F o r t r a n  I V  and was t e s t e d  

on t h e  Honeywell 625 computer. Inpu t  d a t a  i s  t r a n s f e r r e d  from 

punched cards  t o  d i s c  ( f i l e  code 0 5 ) .  The program r e a d s  t h i s  

d i s c ,  p r i n t s  t h e  d a t a ,  rewinds t h e  d i s c ,  and r e r e a d s  t h e  d i s c  

a s  d a t a  i s  needed f o r  c a l c u l a t i o n s . .  The math model i n c l u d e s  

aerodynamic drag, r o t a t i n g  e a r t h ,  launch r a i l  s i m u l a t i o n ,  r i g i d  

body dynamics a t  l i f t - o f f ,  and s t a n d a r d  3 D  point-mass equa t ions .  

A f t e r  l e a v i n g  t h e  l auncher ,  t h e  r o c k e t  i s  r e s t r i c t e d  t o  motion 

i n  two dimensions u n t i l  t h e  ang le  of  a t t a c k  goes t o  z e r o ;  then ,  

t h e  motion becomes t h r e e  dimensional  w i t h  t h r u s t  and v e l o c i t y  

v e c t o r s  a l igned .  The equa t ions  of motion a r e  i n t e g r a t e d  by t h e  

Runge-Kutta method, u t i l i z i n g  v a r i a b l e  s t e p  s i z e  f o r  b e t t e r  

e f f i c i e n c y ,  Process ing  t ime i s  approximately 0 .7  minutes f o r  

each 100 seconds of t r a j e c t o r y  t ime.  Output d a t a  may be 

p r i n t e d  i n  Eng l i sh  o r  m e t r i c  u n i t s ,  and w r i t t e n  on t a p e  ( f i l e  

code 11). 



2 .  PROGRAM V A R I A B L E  D E F I N I T I O N S  

A 

ACX, ACY ,ACZ 

= semi-major a x i s  of I I P  e l l i p s e  

= components of a c c e l e r a t i o n  w i t h  r e s p e c t  t o  
t o p o c e n t r i c  system 

A C C I  

A L I M  

= i c e r t i a l  a c c e l e r a t i o n  

= a l t i t u d e  where p r e s s u r e  and d e n s i t y  a r e  s e t  
e q u a l  t o  ze ro  (400,000 f t . )  

= ang le  of a t t a c k  ( a j  A L P H  

A L T  

A L T  C 

= a l t i t u d e  

= i n p u t  a l t i t u d e  a t  which t h r u s t  v e c t o r  remains 
i n  c o n s t a n t  d i r e c t i o n  

AREA 

ARRAY 

= r o c k e t  nozz le  e x i t  a r e a  ( A e )  

= m a t r i x  f o r  s t o r i n g  a l l  ou tpu t  d a t a  ( i n  E n g l i s h  
u n i t s )  

ARREY = matr ix  f o r  s t o r i n g  a l l  ou tpu t  d a t a  i n  m e t r i c  
u n i t s  

= a c c e l e r a t i o n  a long launch azimuth i n  launch 
c o o r d i n a t e  system 

AXL 

f l i g h t  azimuth ang le  ; launch azimuth AZ 

A Z L  = a c c e l e r a t i o n  i n  v e r t i c a l  d i r e c t i o n  i n  launch 
coord ina te  system 

AZLCH , E L L C H  = look azimuth and look e l e v a t i o n  ang le  w i t h  
r e s p e c t  t o  launch s i t e  

= look azimuth and look e l e v a t i o n  a n g l e  w i t h  
r e s p e c t  t o  r a d a r  

= t ime from launch t o  impact a t  I X P  C A P T  

CD 

CDD 

d rag  c o e f f i c i e n t  (CD) 

= i n p u t  t a b l e  of  d rag  c o e f f i c i e n t s  (C ) ; 
( i n c l u d e s  d rag  a r e a ,  i f  SAREA - 1.07 

= normal f o r c e  c o e f f i c i e n t  CNA 

CONV 

C P H I  



DELTA = range angle (6) 

DENS 

D I F F  

= atmospheric dens i ty  

= t h r u s t  minus drag 

D I S T  

DRAG 

= d i s t ance  t r a v e l e d  on launch r a i l  

= drag force  (D) 

= i n t e g r a t i o n  time i n t e r v a l  

EDLCH , NDLCH , 
ZDLCH = e a s t ,  nor th ,  v e r t i c a l  ve loc i t y  components 

w i t h  r e spec t  t o  launch s i t e  

EDRAD ,NDRAD, 
ZDRAD = e a s t ,  no r th ,  v e r t i c a l  ve loc i t y  components 

wi th  respec t  t o  r a d a r  

= f l i g h t  e l e v a t i o n  angle o r  launch e l e v a t i o n  
angle  ( r )  

ELCH ,NLCH, 
ZLCH = e a s t ,  nor th ,  v e r t i c a l  coordinates  w i th  r e spec t  

t o  launch s i t e  

ELPREV 

E P B I G  

= previous value  of v e l o c i t y  e l e v a t i o n  angle 

= maximum r e l a t i v e  e r r o r  allowed i n  Runge-Kutta 
method (1.0 x  10'5) 

E P S  

E P T I N Y  

= geode t ic  l a t i t u d e  minus geocen t r i c  l a t i t u d e  

= minimum r e l a t i v e  e r r o r  allowed i n  Runge-Kutta 
method (5.0 x 10-7) 

ERAD , NRAD , 
ZRAD = e a s t ,  nor th ,  v e r t i c a l  coordinates  of rocket  

wi th  r e spec t  t o  r a d a r  

FNORM 

FRAC 

GAMA 

GO 

= normal fo rce  on rocket  

= i n t e r p o l a t i o n  f r a c t i o n  f o r  Mach number 

= v e l o c i t y  e l e v a t i o n  angle ( r )  
= g r a v i t y  a c c e l e r a t i o n  a t  Ear th  s u r f a c e  

(32.174 f t / s e c 2 )  

GDLAT - geode t ic  l a t i t u d e  



GM = g r a v i t a t i o n  constant  (1.4076576 x 1016 f t 3 / s ec2 )  

OX, G Y ,  GZ = components of g r av i ty  a c c e l e r a t i o n  

H I G H  - maximum i n t e g r a t i o n  i n t e r v a l  = one h a l f  t h e  
p r i n t  t ime i n t e r v a l  

I E N D  = c o n t r o l  constant  ( s e t  = 1 at  impact)  

IIPLAT , I IPLON 
I I P R , I I P T I M  = l a t i t u d e  ( G D ) ,  l ong i tude ,  ground range,  and 

impact time f o r  ins tantaneous  impact po in t  

INERT 

INEXT 

I OPT 

IPRINT 

K 

KCON 

KDEL 

KPAG 

KSPENT 

KSTOP 

LACC 

LAMDA 

LAMDAO 

LAMDAl 

L AT 

LENGTH 

LINE 

moment of i n e r t i a  of rocket  ( I )  

= con t ro l  cons tan t  ( s e t  = 1 at each phase t ime)  

= t h r u s t  re fe rence  opt ion (31 f o r  s e a  l e v e l ,  
=2 f o r  vacuum) 

= con t ro l  constant  ( s e t  = 1 when p r i n t o u t  i s  
des i r ed )  

= matr ix  f o r  s t o r i n g  K values  f o r  Runge-Kutta 
method 

= 1 f o r  main rocket  ca l cu l a t i ons ;  
2 f o r  spen t  s t a g e  ca l cu l a t i ons  

= increment f o r  s u b s c r i p t  of phase c o n t r o l  
constant  

= output  page number 

= present  spent  s t a g e  number 

= 0 f o r  no s t o p  a t  apogee 
1 f o r  s topping  ca l cu l a t i ons  a t  apogee 

= a c c e l e r a t i o n  on launch r a i l  

= angle from X ax i s  i n  X,  Y p lane (I) 

= launch longi tude ("1 - r a d a r  long i tude  ("1) 

= g e ~ c e n t r i c  l a t i t u d e  ( $ 1  

= length  of launch r a i l  

3 number of p r i n t o u t  l i n e  



= long i tude  ( A )  

LOW a s m a l l e s t  i n t e g r a t i o n  t ime i n t e r v a l  
(1.0 x 10-4  s e c )  

LSM - d i s t a n c e  from c e n t e r  of  g r a v i t y  t o  c e n t e r  
of p r e s s u r e  (gSlf i )  

LVEL 

MACH 

MASS 

MCH 

= v e l o c i t y  on launch r a i l  

= Mach number (M) 

= t o t a l  r o c k e t  mass . 
= Input  t a b l e  o f  Mach numbers corresponding t o  

t a b l e  of  d r a g  c o e f f i c i e n t s  

MESS 

NAP 

NCD 

NDEL 

NGEO 

= a r r a y  f o r  s t o r i n g  p r i n t o u t  message 

= c o n t r o l  c o n s t a n t  ( =  1 a t  apogee) 

= number of  d r a g  c o e f f i c i e n t s  i n  table 

= increment f o r  s u b s c r i p t  of  phase t ime 

= 0 f o r  g e o c e n t r i c  e l e v a t i o n  ang le  and azimuth 
( i n p u t  
1 f o r  g e o d e t i c  e l e v a t i o n  ang le  and azimuth 
( i n p u t  

N I D  = c o n t r o l  c o n s t a n t s  f o r  phase changes 
= 1, r e a d  phase message only 
= 2,  r ead  phase message and d r a g  t a b l e  
a 3, r e a d  phase message and t h r u s t ,  weight ,  

d r a g  t a b l e s  
4 ,  no th ing  i s  r e a d  i n  

N I I P  = i n p u t  c o n s t a n t  f o r  s p e c i a l  ou tpu t  t a p e  
= 0, t a p e  t ime i n t e r v a l  same as p r i n t  t ime 

i n t e r v a l  
= 1, t a p e  t ime i n t e r v a l  e q u a l  0 . 1  s e c ,  and 

PTI must be an i n t e g e r  m u l t i p l e  of  0 . 1  
s e c  

= 2,  no t a p e  ou tpu t  

NMT 

NPAGE 

= number of r o c k e t  motors 

= 1 f o r  ou tpu t  page A 
2  f o r  output  page B 
3 f o r  ou tpu t  page C 
4 f o r  ou tpu t  page D 
5 f o r  ou tpu t  page E 
6 f o r  ou tpu t  page F 



NPH = 

NPHS - 
NSEP = 

NSKIP = 

NSPENT = 

NSTOP = 

NSYS = 

NTH = 

NWT = 

OMEGA = 

PHAS = 

PHI = 

PlIIO. = 

PHI1  = 

PXT = 

P I  = 

P I 2  = 

PRES = 

PT I 

PTIME = 

present  phase number 

number of phase times 

number of motor separat ions 

input  cont ro l  constant 
= 0, ALPHA rout ine performed - 1, ALPHA rout ine  skipped 

number of spent  s tages  l e f t  t o  be ca lcula ted  

0 f o r  TSTOP = 0.0 (no te rmina t ion  on. t ime)  
1 f o r  TSTOP % 0 ( t r a j e c t o r y  te rmina tes  on t ime)  

output cont ro l  constant 
1, f o r  English u n i t s  
2, f o r  metr ic  u n i t s  
3, both English and metr ic  

number of t h r u s t  values i n  t a b l e  

number of propel lan t  weights i n  t a b l e  

e a r t h  ro ta t ion  speed ( 7.292ll x l o o 5  rad/sec) 
(0) 

atmospheric pressure a t  sur face  of e a r t h  
(2115.666 l b s / f t 2 )  

output me6sage i n  column 2 t o  7 

angle from X, Y plane t o  R vector  ( $ 1  

launcher geodet ic  l a t i t u d e  

radar S i t e  geode t ic  l a t i t u d e  

phase times ( input)  

3.14159265 ( n )  

2n 

atmospheric pressure (p) 

p r i n t  time i n t e r v a l  

p r i n t  t i m e  



Q = 

R =  

RA = 

RANGE = 

RB - 
E(E: = 

RLCH = 

RRAD = 

s = 

SA = 

SMAT a 

SOUND = 

SPHI = 

SPS = 

STPTI = 

T O =  

T 1  = 

TEMP = 

TFRAC = 

THCON = 

THDD = 

THETA - 
THREF = 

dynamic pressure 

dis tance from e a r t h  center  t o  rocket 

equator ia l  radius  (20925741 ft) 

ground range from launch s i t e  t o  rocket  

polar  radius (20855591 ft) 

e a r t h  radius (20899262 f t )  

s l a n t  range from launch s i te  t o  rocket 

s l a n t  range from radar  t o  rocket  
0 . 0  

matrix f o r  s t o r i n g  X ,  Y ,  2 ,  X ,  Y, 2 ,  X, i t  2 
i n  Runge-Kutta rout ine  

drag area (= 1.0 when area i s  included i n  
drag coe f f i c i en t )  

matrix f o r  s t o r i n g  a l l  output d a t a  

transfoxmation matrix,  topocentr ic  t o  i n e r t i a l  

speed of sound 

s i n  ($1  

array f o r  s t o r i n g  i n i t i a l  spent  s t age  var iables  

s to red  value of t h e  p r i n t  time i n t e r v a l  

launch t i m e  = 0.0 s e c  (to) 

t i m e  t o  begin constant t h r u s t  d i r ec t ion  i n  
i n e r t i a l  system 

atmospheric temperature 

t i m e  i n t e rpo la t ion  f rac t ion  

1 f o r  no thrust cont ro l  
2 f o r  constant t h r u s t  d i r ec t ion  beginning a t  

t i m e  T1,  o r  a t  a l t i t u d e  ALTC 

angular acce lera t ion  i n  launch coordinate system 

th rus t  e levat ion angle ' 

t h rus t  a t  sea  l e v e l  or  i n  vacuum 



THRUST - 
THS - 
TIM = 

TIM1, TIM2 = 

TIME = 

TMAT = 

TSEP = 

TSTOP = 

TWT- 

VEL = 

VELLCH = 

VELRAD = 

VISC = 

VT - 
VX, W, m u  

WEIGHT = 

WPL = 

WPP 0: 

WPP2 = 

WPR = 

WRM = 

WTM = 

WTP = 

WTs = 

X, Y, Z - 

rocket t h r u s t  (TH) 

t h r u s t  table input  

t i m e  t a b l e  corresponding t o  t h r u s t  table 

times used t o  cont ro l  wr i t ing  output  tape  

time from launch (t) 

t r a n s  formation matrix,  i n e r t i  ni t o  topocent r ic  

t a b l e  of 3eparation times 'LC T s i n g l e  s t age  
rocket,  set TSEP = 0.0) 

time t o  s t o p  ca lcula t ions  

time t a b l e  corresponding t o  propel lan t  
weight t a b l e  

t o t a l  speed of rocket ( i n e r t i a l )  

rocket speed w i t h  respect  t o  launch s i t e  

rocket speed with respect  t o  radar  

atmospheric v i scos i ty  

t o t a l  ve loc i ty  ( topocentr ic)  

topocentr ic  ve loc i ty  components 

t o t a l  rocket  weight 

pay load weight 

present  propel lan t  weight 

t o t a l  propel lan t  weight of a l l  unfired motors 

inpu t  t a b l e  f o r  propel lan t  weight 

present  rocket  motor weight 

t a b l e  of rocket  motor weights 

i n i t i a l  propel lan t  weight i n  each rocket 

spen t  stage weight 

i n e r t i a l  coordinates 



XDOT , YDOT , sea 

ZDOT = inert ia l  velocity components (X, Y, 2 )  

XDDOT, YDDOT, 
ZDDOT = inert ia l  acceleration componer.ts X ,  Y ,  2 )  

XIP, YIP, ZIP = iner t ia l  position of  the instantaneous impact 
point 

XL, YL, ZL = launch system coordinates where XL i s  along 
launch azimuth 

X r ,  YT, XT = topocentric coordinates 



3. RUNGE-KUTTA INTEGRATION ROUTINE 

For a discussion of the Runge-Kutta formula o f  order 4 ,  s e e  

Reference 7 .  

Here, only the equations i n  X are l i s t e d ,  s ince  the Y and Z 

equations correspond exact ly .  \ 

(NOTE: the actual subroutine uses matrix S t o  s tore  a l l  the 
. a .  

iner t ia l  variables, X, Y ,  2, X, Y, 2 ,  X, Y ,  2)  

Step 1: Input X O ,  X O 8  X o ;  t i m e  = To 



S t e p  3: t i m e  = DT 
Tz I + T (NOTE: T2 = T1) 

K13 = (DT) x2 K 4 3  = (DT) x2 

step 4: t i m e  = T3 = To + m 

X3 = Xo + (DT) x2 

Solution a t  t i m e  = T4 = To + DT 

E r r o r  Analysis : 

The R u n g e - K u t t a  method of order 4 w i l l  result i n  an error of 

order 5 ,  which I s  reduced by using "extrapolation t o  the 

l imit".  



F i r s t ,  f ind a so lu t ion  using DT ..I H; then f ind  a corresponding 

so lu t ion  by using DT = (H/2) twice. F ina l ly ,  combine t h e  two 

solut ions i n  such a way t h a t  most of  the order  5 e r r o r  i s  

eliminated. 

XEX - exact  so lu t ion  

X ( l )  = solu t ion  using DT = H 

X ( 2 )  = solu t ion  using DT = H/2 twice 

X ( 1 )  = %X + AH' + order  6 

b X ( 2 )  = xBX + B (H/2) + C (8/2) + order  6 

T h e  fac tors  A, B, and C a re  composed of de r iva t ives  of  the  

accelerat ion function. The X ( 2 )  so lu t ion  has two order  5 

e r r o r s ,  because twice as  many s t e p s  a re  required when 

DT = 03/21 . 
I f  H is small, A, B, and C w i l l  be approximately equal,  

r e su l t ing  i n :  

The r i g h t  hand s i d e  i s  an improved approximation f o r  t h e  exact  . . .  
solut ion.  Similar  equations a r e  used f o r  Y ,  2, X, Y ,  2. 



Optimum M1 
b 
1 I n  the  Runge-Kutta formula, the t h e o r e t i c a l  e r r o r  term is of 

order 5, and t he  smaller t h e  s t e p  s i z e ,  DT, t he  smaller  i h i s  

e r r o r  becomes. However, when DT is made smaller ,  t h e  number 

of in tegra t ion  s teps  increases ,  r e su l t ing  i n  more computer 

round-off e r ro r .  

To f ind  an Hoptimum DT", t h e  program proceeds as  follows: 

. 0 

1. Find t h e  ve loc i ty  components ~ ( l ) ,  Y ( 1 ) ,  ~ ( 1 ) .  using 

. . . 
2. Find X ( 2 ) ,  Y ( 2 ) ,  2 ( 2 ) ,  using DT = H/2 twice. 

3. Calculate the  r e l a t i v e  e r r o r s  i n  veloci ty:  

~ ( 2 )  
4. If E < EPTINY, then DT i s  tocr small, and computer t i m e  

would be wasted. Thus, DT is  increased f o r  t h e  next 

in teg ra t ion  in te rva l .  

5.. I f  E > EPBIG, then DT is  too  l a rge ,  and t h e  ve loc i ty  

e r r o r  i s  unacceptable. Thus, Lhe ca lcula t ion  i s  repeated 

using a smaller DT. 

The choice of EPTINY and EPBIG i s  q u i t e  a r b i t r a r y .  

Good r e s u l t s  have been obtained with EPTINY = l o g 7  
and EPBIO = 



C 

4 .  GENERAL FLOW CHART 

I USE "BULK MEDIA CONVERSION ROUTINE (BMC) TO 
TRAXSFER Ii4PUT DATA FROM CARDS T(3 TAPE I 

COMPUTE INITIAL WEIGHT. CALL TABLE TO 
READ FIRST PHASE DATA. I .  - 

 CALL LAUNCH TO SIMULATE RAIL 1 
I 

I CALL ALFA TO SOLVE ANGLE OF ATTACK 
E Q u A T ~  USING RUNGE-KUTTA METHOD I 

V 

CALL ACCBL 3 TO C O I - i J  
. 

I 
L 

CALL DATA 1 '20 CO!PU'i'", OUTPUT DATA 
CALL SXTSA TO STORY DATA TZI.IPOPAIZILY 

I CALL RUNGE TO CALCULATE NEXT TRA- 
J E C ~ O ~ I N T  AT T + DT 

I CALL DATA 1 TO COMPUTE OUTPUT DATA 
CALL SETSA TO STORE DATA TEMPORARIL 



TIME TO STOP CALCULATI0:IS 

es 
TOP AT APOGZE? 

I . 
" 

L - OUT TO STORE OUTPUT DATA 

AS JCXT PEASE STARTED ? CALL OUT TO PRINTOU 

I I 

\ [END OF PREVIOUS  PHASE?^^^^ -8 CALL OUT TO PRINTOU 
I I 

ALL OUT TO I N T E  

no 
\I 

CALL SETSA TO STORE PRESENT 
VALUES OF OUTPUT DATA 

I Yes 

\ I /  
HASE TIME CHECK; .TIME TO BEGIN NEXT 

I yes 



5. SUBROUTINE DESCRIPTION 

ACCELO --- Subroutine ACCELO computes t h e  r e l a t i v e  l i n e a r  

accelerat ion and angular acce lera t ion ,  assuming 

the  rocket f l i e s  i n  the  launch plane (2 dimensions) 

with an angle of a t tack.  

ACCEL1 --- Subroutine A C C E l l  computes the  th ree  components of 

i n e r t i a l  acce lera t ion  which determine the main 

t r a j ec to ry .  

e? 
ACCEL2 --- Subroutine ACCEL2 computes the  r e l a t i v e  l i n e a r  

accelerat ion (one dimension) f o r  motion along t h e  

launch r a i l ,  assuming the re  i s  no f r i c t i o n a l  force.  

ACCEL3 --- Subroutine ACCEL3 computes t h e  accelerat ion using 

elevat ion and azimuth r a t h e r  than veloc i ty  com- 

ponents. 

ALFA --- Subroutine ALFA determines t h e  t r a j e c t o r y  while t h e  

rocket flies with an angle of a t tack  during t h e  launch 

phase. Linear motion is  constrained t o  the launch 

plane u n t i l  t h e  angle of a t t ack  goes t o  zero (or  u n t i l  

the  phase i s  nearly completed) . 
ATMSPH --- Subroutine ATMSPH computes temperature, pressure,  

v iscos i ty ,  densi ty ,  and speed sf sound using an 

eighth degree polynomial approximation f o r  t h e  

1962 Standard Atmosphere data.  



CNALFA --- Subroutine CNALFA i n t e rpo la tes  t o  f i n d  the  normal 

force coe f f i c i en t  and p i t c h  damping coef f i c i en t  

which a re  used i n  the angle of a t tack  equations. 

DATAl --- Subroutine DATAl computes most of the  output  da ta .  

DIRECT --- Subroutine DIRECT determines the d i rec t ion ,  of the 

t h r u s t  vector; the t h r u s t  is e i t h e r  l i n e d  up with 

veloci ty ,  or  the t h r u s t  maintains a constant  d i -  

rec t ion  with respect  t o  the i n e r t i a l  system. 

Normally, t h e  f i r s t  option i s  used; however, f o r  

sp in  s t a b i l i z e d  rockets,  the second option can be 

used a t  high a l t i t u d e s .  (NOTE: This subroutine is  

no t  ca l l ed  during the ALFA routine.)  

IIP --- Subroutine I I P  computes t h e  instantaneous impact poin ts  

assuming zero t h r u s t  and vacuum t r a j e c t o r y .  

INPUT --- Subroutine INPUT reads da ta  from input  tape 05 and 

p r i n t s  it. 

LAUNCH --- Subroutine LAUNCH simulates a f r i c t i o n l e s s  launch 

r a i l  but includes aerodynamic drag i n  t h e  equations 

of motion. 

MAT --- Subroutine MAT ca lcu la tes  t h e  elements of  the trans- 

formation matrix f o r  a coordinate system ro ta t ion .  

The inverse matrix is also calculated.  



MATLCH --- Subroutine MATLCH ca lcu la t e s  the t ransformation 

from t h e  i n e r t i a l  system t o  t h e  launch s i te  system. 

MATRAD --- Subroutine MATRAD ca lcu la t e s  t h e  transformation 

from the  i n e r t i a l  system t o  t h e  radar  s i te  system. 

MATROC ---. Subroutine MATROC ca lcu la t e s  the transformation 

from the  i n e r t i a l  system t o  t h e  instantaneous 

t ~ p o c e n t r i c  system. 

OUT --- Subroutine OUT i n t e r p o l a t e s  a l l  output  d a t a ,  s t o r e s  

it, and p r i n t s  i t  ou t ,  

RUNGE --- Subroutine RUNGE i n t e g r a t e s  the equations of motion, 

using the four th  order  Runge-Kutta method with  

va r i ab le  s tep-s i  ze.  Refer to Part 2, Section 3. 

SETSA --- Subroutine SETSA t r a n s f e r s  output  d a t a  t o  a temporary 

s torage  array.  

TABLE --- Subroutine TABLE reads i n  t h r u s t ,  weight, and drag 

t a b l e s  and phase messages. 

 TAB^ --- Subroutine TAB1 i n t e r p o l a t e s  t o  f i n d  t h e  drag c o e f f i c i e n t .  

~'-2 --- Subroutine TAB2 i n t e r p o l a t e s  t o  f i n d  the t h r u s t .  

TAB3 --- Subroutine TAB3 i n t e r p o l a t e s  t o  f i n d  t h e  t o t a l  weight. 

TPOUT --- Subroutine TPOUT writes a s p e c i a l  output  tape  with  

t i m e  i n t e r v a l  con t ro l l ed  by NIIP. (See input 

descr ip t ion ,  ) 



TRANS1 --- Subroutine TRANS1 transforms from the i n e r t i a l  

system t o  one of  the rotating systems. 

TRANS2 --- Subroutine TRANS2 transforms fran a rotating sys- 

t e m  to the i n e r t i a l  system. 



6. HYBRID 3-D INPUT DESCRIPTION . 
I Input  cards  must be i n  FORTRAN NAMELIST format o r  i n  t h e  form 

of a message ( s e e  sample) ; a l l  c a rd s  must be punched only i n  

columns 2 through 72.  Each i npu t  va lue  must be fol lowed by a 

comma, except  t h e  l a s t  i t e m  i n  a l i s t ,  which i s  fol lowed by a 

The fo l lowing l i s t s  must always be i n p u t :  NAMQ, NAMR, 

NAMS, NAMT, NAMU, NAMV. Within a l i s t ,  if a p a r t i c u l a r  

v a r i a b l e  i s  no t  r equ i r ed ,  it should  be omit ted .  

The l i s t s  NAM2, NAM3, NAM4, NAMS may be i npu t  depending 

upon t h e  t r a j e c t o r y  and t ype  of  r ocke t .  Th ru s t ,  weight ,  

and d rag  t a b l e  i npu t  i s  c o n t r o l l e d  by t h e  phase time 

a r r a y ,  PHT, and t h e  a r r a y  N I D .  

A l l  t h r u s t ,  weight ,  and d r a g  t a b l e s  have a l i m i t  of 

50 values  and must have a t  l e a s t  two va lues .  The i n p u t  

a r r ays  PHT and N I D  have a l i m i t  of 1 4  va lues ;  t h e  

a r r ays  WTM and WTP have a l i m i t  of  6 va lues .  

For a t h r u s t i n g  phase, t h e  t h r u s t ,  weight ,  and d r a g  t a b l e s  

a r e  preced.ed by one ca rd  con t a in ing  a "phase messagev; 

t h i s  may be any phrase  t o  i d e n t i f y  t h e  phase; e.g. STAGE 

1 THRUSTING. A phase message ca rd  must a l s o  precede t h e  

d rag  t a b l e  f o r  a c o a s t i n g  phase. The phase messages may 

be punched t n  column 2 through 72, b u t  only t h e  c h a r a c t e r s  

i n  column 2 through 7 w i l l  appear on t h e  output  ( i n  column 

2 through 7) (See sample i npu t  and ou tpu t . )  



5. To s imula te  t h e  rocke t  launcher ,  s e t  LENGTH e q u a l  t o  

t h e  l eng th  of t h e  launch r a i l .  Th i s  o p t i o n  r e s t r i c t s  

t h e  motion t o  one dimension only.  

6. To s imula te  ang le  of a t t a c k  n e a r  l i f t - o f f ,  s e t  NSKIP = 0 .  

Mot?.on w i l l  be i n  two dimensions u n t i l  t h e  a n g l e  of  

a t t a c k  goes t o  zero;  t h e n ,  t h e  program swi tches  t o  

t h r e e  dimensions, w i t h  t h r u s t  and v e l o c i t y  v e c t o r s  

a l igned .  (Angle of  a t t a c k  can be  c a l c u l a t e d  only  d u r i n g  

f i r s t  s t a g e  t h r u s t i n g . )  

7. I f  NSKIP = 1, then  t h e  ang le  o f  a t t a c k  r o u t i n e  i s  

skipped,  and t h e  motion w i l l  b e  i n  t h r e e  dimensions w i t h  

t h r u s t  and v e l o c i t y  a l i g n e d .  

8. The t r a j e c t o r y  t e r m i n a t e s  (1) a t  a l t i t u d e  e q u a l  zero;  

( 2 )  at apogee; ( 3 )  o r  a t  a g iven  t ime.  See t h e  c o n t r o l  

c o n s t a n t s  NSTOP, TSTOP, KSTOP. I f  t h e  t r a j e c t o r y  is n o t  

s topped a t  apogee o r  at a g iven time, t h e n  it t e r m i n a t e s  

when a l t i t u d e  e q u a l s  ze ro .  

9. For t a p e  o u t p u t ,  s e e  c o n t r o l  c o n s t a n t  NIIP. In the deck for 

execution, include a tape control card with file code 11. 



INPUT DESCRIPTION 

I) 
FIRST CARD: t i t l e  phrase i n  column 2 t o  72 

NAMQ L i s t :  

$NAMQ i n  column 2 through 6 fol lowed by: 

VT = i n i t i a l  s2eed ( f t / s , ~ c )  

EL = i n i t i a l  f l i g h t  e l e v a t i o n  ang le  o r  launch e l e v a t i o n  
angle  (c'sg. ) 

AZ = i n i t i a l  f l i g h t  azimuth angle  o r  launch azimuth aiigle 
(deg. ) 

NGEO = 0 i f  EL, AZ a r e  geocen t r i c  ang les  
Q 1 i f  EL, AZ a r e  geode t i c  ang les  

PHI i n i t i a l  geode t i c  l a t i t u d e  (deg.)  

LAMDA = i n i t l a l  long i tude  (deg.)  

T1.m - i n i t i a l  t ime (not l e s s  ~ h a n  0.0), ( s e c )  
( launch time should equa l  z e m )  

ALT i n i t i a l  a l t i t u d e  ( f t  .), (NOTE: launch a l t i t u d e  should  
equa l  0 .0  only)  

LENGTH = l eng th  of launch 1-ail ( f t .  ) 

NAMR List: 

$NAMR i n  column 2 through 6 fol lowed by: 

PTI * p r i n t  t ime i n t e r v a l  ( n o t  l e s s  than  .01) ,  ( s e c )  

NSPENT = number of  spent  s t a g e s  t o  b e  run 

NSTOP + 1 i f  TSTOP not  equa l  0 . 0  (o the rwise ,  omit )  

TSTOP = t ime a t  which c a l c u l a t i o n s  a r e  t e rmlna ted  ( s e c . ) ,  
( i f  not  de s i r ed ,  omit )  

NSKIP = 0 a lpha  r o u t i n e  c a l c u l a t i o n s  (beginning at  launch)  
1 a lpha  rou t i ne  skipped 

KSTOP = 1 t o  s t o p  c a l c u l a t i o n s  at  apogee (o the rw i se ,  omit )  

t 
THCON = 1 f o r  no t h r u s t  c o n t r o l  

2 f o r  constant  t h r u s t  d i r e c t i o n  beginning a t  time - 
T1 o r  at a l t i t u d e  ALTC ( t h e  cons tan t  d i r e c t i o n  is 
determined by t h e  program) 



ALT C 

NSYS 

NIIP 

= t ime t o  beg in  c o n s t a n t  t h r u s t  d i r e c t i o n  ( s e c . ) ,  
( i f  no t  used, omit! 

= a l t i t u d e  where t h r u s t  co ; : . t ro l  b e z i n s  ( f t  . ) , ( i f  n o t  
used ,  omlt)  

= 1 f o r  Eng l i sh  ou tpu t  
2 f o r  m e t r i c  o u t p u t  
3 f o r  bo th  Eng l i sh  and m e t r i c  ou tpu t  

= 0, s p e c i a l  t a p e  t ime  i n t e r v a l  same as p r i n t  time i n t e r v a l  
1, t a p e  t i m  i n t e r v a l  eqi ia l  0 . 1  s e c . ,  and P T I  e q u a l  an 

i n t e g e r  m u l t i p i e  of  0 . 1  sec. 
2,  no t a p e  ou tpu t  

NPAGE = 1 f o r  output  page A 
2 f o r  output  page B 
3 f o r  ou tpu t  page C 
4 f o r  ou tpu t  page D 
5 f o r  output  page E 
6 f o r  ou tpu t  page F 
[e .g . ,  i f  NPAGE 2 ,  4, 5; pages B ,  D,  E w i l l  be  
p r i n t e d  o u t ]  

NAMs List; : 

$NAMS i n  column 2 through 6 fo l lowed  by:  

PHI0 -. l auncher  g e o d e t i c  l a t i t u d e  (deg.  ) 

LAMDAO = l auncher  l o n g i t u d e  (deg .  ) 

PHI1 = radar s i t e  g e o d e t i c  l a t i t u d e  (deg . )  ( i f  no t  used ,  omi t )  

LAMDAl = r a d a r  s i t e  l o n g i t u d e  (deg . )  ( i f  n o t  used ,  oml t )  

NAMT L i s t :  

.$NAMT i n  column 2 through 6 fo l lowed  by:  

NPHS/PHT= phase t ime a r r a y  ( s e c . )  ( e .g .  1st s t a g e  i g n i t i o n  t ime ,  
1st s t a g e  burnout  t ime ,  2nd s t a g e  i g n i t i o n ,  2nd s t a g e  
burnout ,  e t c . )  



NTAB/NID = a r ray  of c o n t r o l  c o n s t a n t s  f o r  phase changes 

1, t o  read  i n  phase message only 
2 ,  t o  r ead  phase message and d r a g  t a b l e  
3, t o  r ead  i n  phase message and t h r u s t ,  we igh t ,  

and d r a g  t a b l e s  
4 ,  no th ing  i s  r e a d  i n  
[NOTE: There must be a  va lue  o f  NID f o r  each  v a l u e  

of PHT, p l u s  one a d d i t i o n a l  v a l u e  co r re spond ing  
t o  apogee. 1 

NAMU L i s t  : 

$NAMU i n  column 2 through 6 fol lowed by:  

NMT/WTM = l i s t  of i n e r t  r o c k e t  motor we igh t s  ( l b s . )  ( i n c l u d e s  
misce l laneous  we igh t )  

WPL = payload weight ( l b s .  ) 

NSEP/TSEP = t a b l e  of motor s e p a r a t i o n  t imes  ( s e c . )  
[NOTE: For s i n g l e  s t a g e  r o c k e t ,  omit]  
[Each va lue  o f  TSEP must appear  i n  t h e  PHT a r r a y .  j 

WTP - = l i s t  of p r o p e l l a n t  we igh t s  (one weight  f o r  each  s t a g e ) ,  
s ( l b s .  ) 

NAMV L i s t  : 

$NAMV i n  column 2 through 6 fo l lowed by: 

LS M = d i s t a n c e  from c e n t e r  of  g r a v i t y  t o  c e n t e r  of  
p r e s s u r e  ( f t . )  

INERT = moment of i n e r t i a  ( s l u g  f t O 2 )  

CNA = normal f o r c e  c o e f f i c i e n t  (rad-l)  

NAM2 L i s t :  ( t h r u s t  t a b l e ,  i n p u t  i f  N I D  = 3 )  

$NAM2 i n  column 2 through 6 fo l lowed b y :  

ARE A 2 = rocke t  nozz le  e x i t  a r e a  ( f t .  ) 

IOPT 1 f o r  s e a  l e v e l  t h r u s t  t a b l e ,  
2 f o r  vacuum t h r u s t  t a b l e  

TIM = t ime t a b l e  cor responding  t o  t h r u s t  t a b l e  ( s e c . )  

NTH/THS t h r u s t  t a b l e  ( l b s . )  



! 
i NAM3 L i s t :  - ( p r o p e l l a n t  weight  t a b l e ,  i n p u t  i f  N I D  = 3 )  

$NAM3 i n  column 2 through 6 fol lowed by: 

TWT = t ime t a b l e  corresponding t o  weight t a b l e  ( s e c . )  

NWT/WPR = p r o p e l l a n t  weight  t a b l e  ( l b s . )  

NAM4 L i s t :  ( d r a g  d a t a ,  inpu t  i f  NID = 2 o r  3 )  

$NAM4 i n  column 2 through 6 fol lowed by: 
' 

S ARE A = drag  a r e a  (ft. ') 
(=1.0 when t h e  a r e a  i s  inc ludod i n  t h e  d r a g  c o e f f i c i e n t )  

MCH = t a b l e  of Mach numbers corresponding t o  d r a g  c o e f f i c i e n t  
t a b  l e  

NCD/CDD = ta .b le  of d rag  c o e f f i c i e n t s  

NAM5 L i s t  : ( i n p u t  i f  NSPENT > 0 )  

$NAM5 i n  column 2 through 6 fol lowed by: 

i PTI = p r i n t  t ime i n t e r i ~ a l  f o ~  spen t  s t a g e  p r i n t o u t  (sec . )  

WTS = spen t  s t a g e  weight  ( l b s .  ) 

NTAB/NID = a r r a y  of phase c o n t r o l  c o n s t a n t s  f o r  spen t  s t a g e  
t r a j e c t o r y :  
1, t o  read  phase message only 
2 ,  t o  read  phase message p l u s  d rag  t a b l e  
4 ,  noth ing i s  r e a d  i n  - 

: t h e r e  shou ld  be  one o r  two va lues  f o r  NID-- 
one va lue  f o r  t h e  s t a r t  of t h e  spen t  s t a g e  
t r a j e c t o r y  and a second va lue  f o r  apogee. I f  
t h e  t r a j e c t o r y  begins  a f t e r  apogee, t h e n  only L one value  i s  needed. - 

Last ca rd  o f  i n p u t  d a t a :  

Z99999 i n  column 7 through 12 



7 HYBRID 3-D OUTPUT DESCRIPTION 

1 P r i n t e d  output  can be  i n  Eng l i sh  and/or m e t r i c  u n i t s  by s e t t i n g  

t h e  i n p u t  cons tan t  NSYS. I n  a d d i t i o n ,  t h e r e  a r e  s i x  d i f f e r e n t  

page op t ions  which can be  s e l e c t e d  u s i n g  t h e  array NPAGE. Tape 

output  i s  i n  Engl ish  u n i t s  only .  P r i n t o u t  p e c u l i a r i t i e s  are 

l i s t e d  below : 

1. If t h e  launch r a i l  s i m u l a t i o n  i s  used (when LENGTH > O ) ,  

output .  w i l l  be  suppressed  whi le  t h e  r o c k e t  moves a l o n g  

t h e  r a i l .  

2 .  A t  phase changes, t h e r e  i s  double p r i n t o u t  p l u s  a phase 

message from t h e  i n p u t  d a t a .  

3.  B u i l t - i n  messages i n c l u d e :  

TSTOP, p r i n t e d  when t h e  t r a j e c t o r y  i s  t e r m i n a t e d  at  a 

given t ime.  

APOGEE, p r i n t e d  o u t  n e a r  t h e  a c t u a l  apogee. 

ALT=Os p r i n t e d  at  t h e  end of  t h e  t r a j e c t o r y  when t h e  

a l t i t u d e  e q u a l s  zero .  

4. I I P  ou tpu t  i s  suppressed  f o r  spen t  s t a g e  t r a j e c t o r i e s .  

5. Above t h e  atmosphere limit (400,000 f t . ) ,  t h e  MACH 

number w i l l  be b lank.  

Notes on Metr ic  Uni ts :  

n t  = newton l b s .  = pounds 1 f t .  = 0.3048 m 
kg = kilogram f t .  = f e e t  1 N.M. = 1.852 km 

m = meter  N.M. = n a u t i c a l  mi le  1 l b .  = 4.4482 n t  



PAGE A: 

TIME 

ALPHA 

TH EL 

n EL 

FL AZ 

ALT 

RANGE 

LAT GD 

LONG 

PAGE B: 

TIME - - 
TEIRUST - - 
WE I GHT - - 
DRAG - - 
MACH - - 
DYN PR - - 
REL ACC = 

REL VEL = 
MASS = 

t i m e  from launch (sec.) 
angle of a t t ack  (deg.) 
t h r u s t  e levat ion  angle (deg. 
veloci ty  e levat ion  angle (deg. 1 
veloci ty  azimuth angle (deg . ) 
a l t i t u d e  (ft, ) 

su r f  ace range (N ,M. 1 
geodetic l a t i t u d e  (deg. ) 
longitude (deg.) 

t i m e  from launch (set, 

rocket t h r u s t  ( lbs .  ) 

rocket weight ( lbs . )  
aerodynamic drag ( l b s  . ) 
Mach number (suppressed when a l t i t u d e  > 400,000 f t ,  ) 
dynamic pressure ( lb  . / f t O 2 )  
accelerat ion r e l a t i v e  t o  e a r t h  ( f t  ./sec .2)  

veloci ty  r e l a t i v e  t o  e a r t h  ( f t  ./sec. ) 

mass of rocket (s lugs)  

PAGE C: Launch S i t e  Coordinate System 

TIME - - 
XL,YL,ZL = 

RXY - - 

VEL-L 3: 

RLDOT - - 

t i m e  from launch (sec.) 

pos i t ion  coordinate$ ( f t . ) 
veloci ty  components ( f t . /sec.  ) 

tangent plane range ( f t . )  
veloci ty  e levat ion  angle with respect  t o  tangent  
plane (deg.1 
veloci ty  with r e spec t  t o  launch s i te  (f t . /sec.)  
rate of change of s l a n t  range 



PAGE D: Radar S i t e  Coordinate System 

TIME 

SL RANGE 
LOOK A2 

LOOK EL 

VEL 

EAST 

NORTH 

VEm 

VEL-E 

t i m e  from launch (sec.) 
s l a n t  range from radar  (N.M.)  

look azimuth (deg. 1 
look e levat ion  angle (deg. ) 
veloci ty  r e l a t i v e  t o  radar (ft . /set. 
dis tance t o  the East  (+) o r  West ( 0 )  i n  t h e  tangent 
plane tN.M.1 

d is tance t o  the North (+) o r  South (-) i n  the  tangent 
p lane  (N.M. 

distance (+) above t h e  tangent plane (N.M.) 

lEL-N = North (+) o r  South (-) component of ve loc i ty  (f t . /sec.  1 * 
VEL-V = v e r t i c a l  componentof ve loc i ty  (ft./sec.) 

PAGE E : Instantaneous Impact Poin ts  (Vacuum Trajectory)  
[NOTE: Page E is  suppressed f o r  spent  s tages]  

TIME = time from launch (sec. ) 
LAT GD = geodetic l a t i t u d e  of  I I P  (deg,) 
LONG = longitude of I I P  (deg. ) 
RAN GE = range of I I P  from launch s i t e  (N.M.) 

I P  TIME = time from launch t o  instantaneous impact (sec.) 

PAGE F: I n e r t i a l  Coordinate System 

TIME = t i m e  from launch (sec.) 
R =: distance from e a r t h  center  (it. ) 

VEL = i n e r t i a l  ve loc i ty  ( f t  ./set.) 

ACCEL = i n e r t i a l  acce lera t ion  ( f t  ./sec .*) 



I 

1 SPECIAL TAPE OUTPUT 
I 

f This tape i s  high density (800 BPI) and contains 71 words per record, as listed 

below (those not listed are equal to zero): 

Word Number Contents ( E n g l i s h  U n i t s )  

TIME 

,WEIGHT 

THRUST 

VE L (inertial) 

R (inertial) 

ALT 

RANGE 

MACH 

Q 
LAT GD 

LONG 

ALPHA 

FL EL 

FL AZ 

TH EL 

fiEL VEL 

XL, YL, ZL 

VXL, VYL, VZL 

RXY 

GAML 

VEL-L 

RLDOT 

IP TIME (IIP) 

LAT GD (IIP) 

LONG (UP) 

RANGE (IIP) 



8. Deck Set-Up w i t h  Objec t  P r o g r a m  011 Tape  

$ IDENT 153200 , HYBRID 3D 
$ EXECUTE 
$ LIMITS 100, 30K, 0, 10K 
$ TAPE R,, X l D , ,  3969 
$ DATA 05 
$ INCODE IBMF 

( d a t a  c a r d s )  

$ ENDJOB 
* * *"EF 

Deck Se t -Up  with O b j e c t  Program on C a r d s  

$ IDENT 153200, HYBRID 3D 
$ OPTION FORTRAN 

( o b j e c t  deck) 

$ EXECUTE 
$ LIMITS 100, 30K, 0, 10K 
$ DATA 05 
$ INCODE IBMF 

( d a t a  c a r d s )  



9 9 SAMPLE INPUT AND OUTPUT 

1 This i s  a Nike-Cajun t r a j e c t o r y  s i m u l a t i o n  u s i n g  a 2-inch 

launch r a i l  and i n i t i a l  v e l o c i t y  e q u a l  t o  zero .  Four phases  

a r e  shown: s t a g e  1 t h r u s t i n g ,  s t a g e  2 c o a s t i n g ,  s t a g e  2 

t h r u s t i n g ,  and s t a g e  2 c o a s t i n g .  Inpu t  t a b l e s  must b e  i n  t h e  

o r d e r  s p e c i f i e d  by t h e  NTAB/NID a r r a y :  

3 f o r  s t a g e  1 t h r u s t ;  weight ,  d r a g  i n p u t  (NAM2, NAM3, NAM4) 

2 f o r  s t a g e  2 d rag  i n p u t  f o r  c o a s t i n g  (NAM4) 

3 f o r  s t a g e  2 t h r u s t ;  weight ,  d r a g  i n p u t  (NAM2, NAM3, NAM4) 

2 f o r  s t a g e  2 d r a g  i n p u t  f o r  c o a s t i n g  (NAM4) 

4 f o r  no i n p u t  a t  apogee 

The beginning of each phase i s  g iven  by t h e  NPHS/PHT a r r a y :  

-0.017 s e c  f o r  s t a g e  1 i g n i t i o n  

3.523 f o r  s t a g e  1 burnout  (and s e p a r a t i o n )  

17.0 f o r  s t a g e  2 i g n i t i o n  

22.0 f o r  s t a g e  2 burnout  

Note t h a t  t h e  t imes  used f o r  t h e  t h r u s t  and weight  t a b l e s  a r e  

r e l a t i v e  t imes which a r e  added t o  t h e  phase t imes  by t h e  pro- 

gram. If t h e  f i r s t  s t a g e  t h r u s t  t a b l e  beg ins  w i t h  a va lue  less 

than  t h e  l i f t - o f f  weight ,  t h e n  t h e  i g n i t i o n  t ime must b e  a d j u s t e d  

s o  t h a t  l i f t - o f f  w i l l  occur  a t  z e r o  time. 
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,---..-- .-.-- ST-TYE = . T I M =  _--.-- .... . -  - -  .. ..---------.-.. --- -.----.----.. ....- 

N?_rP-T_=-B I-I-f? --------- --- 
- - - -  _-,- C A L L O U T .  ... .-- ,-... ,-. .......... - .-.---: '-, -, . - .  . -  -,.,,- ......... -- 

- CALL - S . m S A  .......... .......... ----- . ----.- . ~-.~-,,-,.. . . - - - . -  --... . -. 
-- - - --- TPRFV = T I M E  . . . . . . . . .  -..-.--. ----.---.-...-.. . . . . . . . . . . . . . .  
--- .. -- FLPREV = FL - ...................... ,,-, ................. ~~- .. --.- . ......-.. .. i 

~ O ~ - ? O N T I N U E  
I__-- - - -_- . -  . .- - ----I-.--- : 

r 
. .. ...... . ---. ..-------.. . . - . . . . . . .  --. .... -__-__...-- ._ - -  - * - - - _  ._-..--. .-.--.- - -  

C --. . . -. - . . PHASF T l M F  CHFCK - - - ....... . ... _____.. .._ . ... __._. I___- . ._____ _ _ . %  

I'F-('NAP .FC~. 11 GO TI) ~ l d  j ------ -----.-- .----... ... .... -- . - .. ---- .---- -- ----.--- ---- 
G o  TO. 811 -.-- - - - - . . . . . . . . . . . . . . . . . . . . . .  -- .-.-- --.-- . --- ... - ......... --*- . . .  -- -- .. - . 

A 1  0- NAP - ...... . . . . . . . . . .  -= - 2  .. - . . - . - . . . . - - -  . . - - - - . - - . . . - . . . - . . . . - - - . - . - . - . - - . . - - -  7 



---. . .---.--..--- ....... --. ~ ......-............. .-.--.- ... - ........ .--. .................. 
. . . .  DT = 1 0 * 0 * L 0 ~  . . . . . .  -- ~ . . 

.- - --. -- GO TO ( 3 4 0 , 3 3 2 1 , ~ ~ n N  - .  . . . . . . . . . . . .  . . 
~ 1 ' 1 '  CONT I W E  -. - - --. - -- -. ............... -- . 

1F!NPH e G T *  N'TPB) CO' T O - 7 5 6  -.---.- .-...... ..... ---  .--.- - .  - A. - a  -A .-  - 
I F ( A B S (  1.0. - P H T ~ N D H )  /T IW * G C  I ~ O E - S I '  GOTO ?25--  - . . , . - . . . . . . . . . . . .  - -. .- . . 

--- KDFL ..-. ?..I A A _ _ -  - --. -. -- - --- ..-.*---- . - *  -..--.- -- - - - - - . - - - - - - -  ----.-_ 
NOFL = 1 .. ..................................... ..... --...--- ..-. .. . . - . - . - . . .~ 

- - -..---. INFXT = I ............................ -- ............................ o r  t ?**LOW ..----- ' .  
-. 

-..-.---.. - -- ..-A --.------- --- --. ---- - 
GO TO 340 

------. - -  , . - .  . ............. .-.. . . .  ...--.-. .. - .  .... --- .. --- .*--.- - .  ,. . - - DT = PHT(~!PH)  - . .  ,-. . .-+,-,. ,- ,--,-- I!!. ..-. -- - - - - .  ..... -.--. . ------- . . - . .  --- 
INFXT = 2 ..-------. . -. . .- . - -. . - . - . -- --.- ----. . ----.. . . -- - 

. . .  .......... . . . . . . . . . . . .  
m GO V? 3 5 0 - -  ---- ---. . . . -  . ...--.--. --.- - 



................. --- !f Me. .t--SPS( 109KSPFf"T) -- -..----.-. --.-..-.A_- --.--..--_- --.-- 
,,---,,A ,--,.-a FlLPREV = SPS( 1 1  9 USPENT , - . . .  --. . . . . . . . - . . . . . . . . .  - - - . - - . - 

SA(59291) t .0.O . . . .  ... ---- a--. -.- .. -- .- . - . . . . . . .  ..... .- ...................... -- - & --- 

I .  I ,  I _ -  - . . . .  - .-... .-- - ...- - --- . ---... ..----.-- ... --..-------- 1 ---I- --.- .. --._ ___- _ 
NSPFFJT-. o .  r?SPEV-z---l -- ------.--.----- -. ---_-. - - - .  - - . - - -  ---..-.---.--- 
R E 4 ! _ s 7 ? . N 4 M Z L  ----.- - - 
WTY? K?'ENT 1 .. = M S  -- - --,- - -  - - - - - . - . -  . ---. --.------ ------------.--- ------- 
ARC = T T M F f D T t  









----- cALL--TA?3_- -- ----- . . 

---- -GO.- TO. . loo ----- 
. . - 

- - - -  98. -CALL_.TA.BI ------- ------- - 
THRIIST = 0.0 . . 

r . .  







I ALT. =-  R -_ RF .-.- L-- ---A- -.--- -- 
/ 

C - . L E A 4  LT_-. GE.. - klr4Y. 1- G-0 ,LQQ80 --- 
C - -- --  ----. CALL -A-~MSP-H-.LO.-E_IB-nnSEE_FLE OF SOUND-~-P_E.NS I TY.*-AK!--~R~S-S@!L- 



--  

S OM WON !-ST!!? !, U L S E ~ I - X F K L ~ J 2 A  -- 
- ~ - ~ - C Q M M O N / S T O R ~ ~ / O , V X ~ V Y _ , V Z ~ ~ ~ E L  ,AZIuANGE *I ATT1!j-._O._G2_AcC~GJ~.~~- 



," C TN-lT-!4_L.T_Z+-~U~H \ f A R  1 ABLFS 
AXL- =-- 1 THRUST - D R X C ; ~ - Z O ~ - ~ T H F T A  . . 1 - /MASS -- ..- .- . .. -- -- - .- - - -  *-.--- - - ~ ? A G ~ * S T V  (-THFTA 1 /MASS - GO - - - .  . .. e x  - t . _ _ - u ~ ~ ~ ~ ~  -..------- 





- .  
C - _ - _  a-_ S €I-- NF W !? !!INT-IWF -- - - P T I M E  + PTT PT 1 ME: -?  - - - - .  ---- -- ---- .-..-- 

no<' C O N ~  I N U F  . .  - - -  . .  - . . - -  --- - .-- ..A .- 
C STORE PRESENT VALUFS OF ALL OUTPUT DATA .-- ---.- .- -------.- --- - 

NN = 2 -- - .--.- ---- .- ---- - -- -----.--- 
CALL SETSA 

VXI  3 = V X L  



RFTIJRN . . . . . . . . . . . . . . . .  ........... 





- ~ o ~ u o ~ / ~ ~ r ) 9 1 9 / . ?  w, -.-.-..- -.---_--- -- .-- -- --.-.-.-- 
-. -. COML~OY/STOR25/LCW.r .EPT.~.h\ (  EPB I G  9qT. I  , P I  ,p 1 2  r . D 1 9 H I  GH 
-- -- . . A 

C @ M ~ O V / S T O R 2 ? / . 1  I P L A T ~ T ~ ~ P L O ~ ~ . I ~ P R ~ I  I P T I M  - .-- - --- ------.- 
,_ _~~!M~Y./-sir_o_R_?_s_LRBLCH.r_AZ.~CH r ELLCHIVL&!,CH-,fi.,C_HIKGH 9 Z L C H m r F I L C H  r 

---..--. 1 N@LCH*ZnLC.H . - - . - - - - _ . - _  ..-----.: -- - - - -  .--* -..--.--- --- ._. -- --- 
---- - -. . . C(?MMoM/.STOR2q/_R-?AI) rA23AErFL-QADd!F:LR!!r> tFRAD?NI!AC!? ZR!!,r-EPRAD~ - . - -  

---. .. - I. ~ ' l r W A ~ , Z n W ~ n  .--------- - - -------- 
------- -. C ~ M M ~ W S T O R ? O / ~ ~ L T A  , ~ E L ,  ~ c c - 1  -- 
---L..---.- - -REAL-YRAnrNLC~.rrNnR~P.~_hl?L-CH - , - - . -  -- 



- -----. . - . - SRT = SQQT ( FRAD**2 + .  MRA1)*!2.1 --4------. _-  ----.- 

L .. ---  ELRAD . =  A f  A ~ Z ( Z P A n S S R 1 ) .  . . - - - - - -  .-.-, - - - - - -  -A. 

,,----.-..-- AZRAD =. A T 4 Y 2 1  E R 4 D r N ~ A b l , - . - - - .  -.--,,, , , , - - - - - . - -  ' > .. 
I --.. . . . I F ( A ~ ~ A D  .LT, . O a O l . A Z R A D - r  .AZRAD--+-..PI2 ..,.-----..----- L- ,.-,,,,- 

,,,,-....--- 21- =.. .ZCCM -,- --,,--.---- -- --- --- 
, ,  - -. - . ..VxL -2 .  ED.LCH*$!L h~-W.rl l?*C4.Z ----- .----- --- - ----.- 

. .YUL.,-.E.PL S.kL*-W+hlLCW+-Sl 7 
. VZL = t D L C H  -,,-..-.-,,-.----------.----- - --------------' 
- - . - -  ... _ R X Y  = S b ? f ( X L * * 2  +. Y.L**21.- ----- - - ----.- - -----, - ------ -- - . . SRT - = -SORT ( V X I Y *  2 +-. .VY.L!*~L --.----------- .. .---.---- _____.. ._-__ , 

.------._ CAW.. =-. 4 T P , N 2 ( V Z L ~ S ? f L 4  -- - .-- . - - -- -- --.. --.--- --- - ------------.----- 

.-- - - .  - .  . RLDQT = ( XL*VXL _+_-Yt+V.YL ..+ . Z L*VZL IRLCY.,. . .---..,-,. -.,.---., . -.--.-- 
R A N C I L  ---- = 0 --- -- 

. - . . I F i L C  a L 5 a 0 1 . 0 T l o  - -- . . - -  - -  -.-- 

..-....- -.. . - .  CCS t ( R * * 2  + PC**?  - RLCH**2 1 / ( 2 . * F * R E )  --.-----..- - . -  - -  
- -  ---..- - -  I F ( D A B S 1 C C S L a G T .  IaODO.1 CCS = . l a 0 0 0  ,.-.----. -- --- ! 
-. ---. - .. - .. DELTA ..= DATAY2 (D.SbQf_( I .-.CCS**Z.) ,C.CSL.. .- .. -...,.-.. . _ . , . . 7 - -  . - -  j 

. . R A W E  = nF*!FLTA ... - . . - - - . . . - . - . .  - . -. ..-.-- ----. - .- -- ----.--.- : 



f 

' 'I. .A. 



-- ZFQAC =.-'JZ . --- ---------- 
----- f HFT.A -=- El - - - L - - . - - - - - - - . - - - . - -  ------------ 

I F t T I M E  .LT, T 1  .ORe.h lSET , E Q e  I-- -.- ---.--- ---------- ,OR, ALT ,LT, A L T C )  GO T O  100 
--. ---- . .  X F W A C l  = -  XF-RAC - - - - . - - -  --- ----a. 

- - - . - - . - - - - - - . V F Q A C l .  -=JFRAC ------- --- -- -.--- 

- - -- -- .- - .- . - . Z F R 4 C 1  ..=-..ZF!?AC--- .--.. - --------- 
- . . - . - . -. - - - . . - E L S T  . =  EL - - - -  - - 
-- - - . - - -. - - TIMST-=_-LI  M_F -.-- .--.- --- --.-.-- 

t - - - - ? U S E S . - = .  -1- 
-F - - 100  COh! INUE . - - - -- .- ._ . .--, 

- ..SF.( T I YE-_,CT., -..T.l-. .Or!*-P.LJ-- A T  .--A_LIC) --GO-TQ- 2-01.? ---- 
- -_ .  GO. .TO ( 2 ~ l . r 2 0 2 . ) ~ . T H C O J 4  ---- -- -- --- .------ - 

-. -- -. 7C1 CONT I.NUF -.-.---------- 

I T m L  _ C--- -. h!O THDIJST -COh 
. T H X  - r.IHQU.S_T9_X_ERF1?_C-- - 
-_ . . _ T H Y  = THoUST*YFR.AC- --. 

. -__  . JHZ = T H P U S T * E R A C  -------- - - - A - . - - -- - 

C ' . . .  . uO. .TO 900 -----,--- .-- -- ---- A -- -- -- -.- - ----- 
---- -- 2 0 2  .-C.3NT IWUE 

c - .  Tt?f?UST CONTROL - OPTTON . . .. . .. -----.-.- -- -.- . - -. --. - - -- - - ------ 
_.-,-- TK-=--JHP_UISTKX_F_RAC1_ ---- ---------- -.-. --- 

- - . . - - - . - - - . . T H Y  = T H ? U S T + Y F R A C I  . .- ..-- -- - - - -  --- .---. - - - - --. -- 
- - . .  THZ = THQUST*ZFRACI -... . . + -. - -- ----- ... . - - - -- 
--- C A L L  T R A Y S 1 ( X F D A C i , Y F ~ h c l , Z F R A C 1 , h f x , W ~ , W Z )  - -  . . . .. 

: - -  2 .-.-. - END .. --_--_ ... 1 ----.-.------.-. -.-. . . .- .. . -.-- .-- -- - --L -..--.-. '.-. . . 

-. .- -- - ----------..-- . - - - - - - - - -  -.. -- - .-... -- 



- - - . . - . - - 

X t P  

( CDEL - FCF.)  ? (-1 .0-.---5CF ) . -  .-..- .. -.- .-._..---------. -.----------------. 
( A * * 1 . 5 / S R G h n ) * ( S n F L  - - - - + - - . FSE - - FSEIP) . .--------- - --------.--.------A 

= ( A * + ~ . ~ / s R G ~ ) * ( ~ F L  --. ...-.--.----------- *  SF -- F S ~ T P )  ...- --- ---.-. ---- --..- 
- = - T F ~ + ~ - ~ I - ~ E .  - .  TO.) ----A. - .  -- - .- .. . . -  -L------.-.--- .-- 
= F*X + G*XDOT 



- -.CS,tGL7-.DSG3LJ-1 . _ 0 _ - d S l . G Z ? k ? 7  1 
$16 t Z ~ * D A T A N ( . S S I G 2 L C S L l j ~ ~ . .  . 

. ---RANGE = .RE*.S15 .---- - 
..-. .- I I PLAT =_ CDPHL -. - 

__--_-I 1 P L O Y  r L P M .  - ___.___- . 

---- . I 1.P.R = . RbN.GE-. . . . ---- ---- ----- 
I l P J - I Y ! A P T  

- - . - - ,  R E T U R N  -_--- --- ------ .----- 
--- --- ---- ----- 





---------..-.--- - - -  . . . . . . . . . . . . . . . . .  - 
HPRFV = OQ - . . . . . . . .  -- . -- ..... -. .. ---..- . .- .... .-...-. - -------- -- .---- -- - -- - .- ... ------ 
RETURQ . - - . . . . . . . . .  . .. . -- .. - ........ . . - - - ----.  ..-.--. - . -- 
FND . . . . .  . . .  - - . . . . . .  -- . . .  - - .  - --.-- - 







------. CALL M A T  - 







.- -- REAL . Y E S 5  --.--. -- --- -------.. 
p l % F :  a? '.lA-L(.J!il! -- 
- -  2 0 _ F W ! A T (  1Xr*6._r.?)!,F8.*2,X~F8*3r-SX-*-Fejr3~5X-?E8~3r?_X-rF8*2*2_XrFB?Q-~S_X* .---.. 

- . - - .  . -1. F1.1. 295X*F?*4tcX9F:0 .4 . )  .,.-....---.--.,,-. --,.-- .-: ..---.---_.- .. .. ------. 
21-FCP"ETT l X ~ A . 6 , l  X,F8e2,~X.rF-&e-O~jX-,-~-.-O-r-~~r_FL..9-,?X,.F_6.?,~X,F?_._2 ,5X.,_ --- ---- -- - 

- - - - . -_ - - -  1- F P O ~ , ~ X , F ~ O * ~ * C I Y : * F ~ . * J  .---------.-.- .--_ .-.-. --. ------------ .-. -- 
--- 22-. -F@Rh"AT(1X?A6., .1.XrFr! .Z,~X.r .FP.2*2-X,Fe3,7)( . ,FE*?_,?.X*F~~e.1-*-2X~- .-.a. 

( F T )  -?_5_-Eo.r!~Amx~e_t!~-~c_,,Zx-,~ 0 H  ,,,-, -- 
------- 1  ~ O H -  + (FT! __.-92X,oH IFT /SEC) ,2X ,?H  ( 

----. . - 2. 10H (FT). , 2 X , ? k . ( P F G ) ,  ,2X-,?H ( F T  
- - - . - - - - . - 2 6  F O R ~ ' A T O X , ~ ~ , ~ X , F E * ~ , C X , F Q * ~ , ~ X , F Q ~ ~ ,  

. 2 5X ,9i! LCYG. 1 .  - ... -_-------.. . . . - - . . . - . - - - .-.- - . 
-------- . 31  FOF!F?ATt 8X,gH - ( S E C )  ,CX,9H._--(DEG) 9 - 5 x 9 8 ~  (DFGT--;~x ,'8H- ( D E C ~  - . - - -  - - 

------..-- 1..-5x98H .-. !,DEC! ... ! 5X*FH ( F T )  ,5X,11H s5Xv8I-4 (OEG) - - -  --,..--,.--,-- .L!*?!L.-- .--.-. .---- .- . -  -.. 
- ---- .. 2 5X99H ) ! - -  --- , .  . -. * . -  

- ?_Z__FO_P-~~-AI~.~' ,!  a!?! T I V E  rgX18H - -  THRUST .--------.-- , S X , ~ H ' W F I C , H T , S X , ~ H  -.. - - .  ._ - -  .-. .----. DRAG-, 
- - - . - . -- - - - . . . 1  5X 96H MPCH - SX.,?H- JYN-  PR. e.5.X ,8H - -RtL ACC,SX ? Y  REL VEC:;SX ,- . .  . 



-.-- - - 

.-.--. - - -  - 104 F O W A T  
105. FORMAT -- - --.- --- -- - - 



: . ARRAY (-3 v L r 1 = ARPAY ( rL  9 1 i / C O N V -  --_-- -.-- - - - - . . -  - ---.--- - -  . -  . 
.---- - - - --. . A R R 4 Y ( 4 r L r l ) - t  B , R R A Y ( & t L t l ) / C O N b ' -  - *--- ---. -.---. -.- -- - .  - 
-- - . -... - . . - . A R o A Y ( 7 r L r l ) - - = - b R P A Y ( 7 r L r 1 ) ! C O N V  . . .------ - ..-. - --.- --..--------.-- - - . - - 



VXL, VZL 

CS 

THETA 

FNORM 

CNA 

SAREA 

Q 
ALPH 

GAMA 

MASS 

AZL 

THDD 

LSM 

LCP 

LCG 

INERT 

are velocity components in the downrange and vertical 
directions. Found by integration of .MU and AZL. 

COS(I'HETA) 

is the inclination angle of tho rocket, the angle between the 
principal body axis and the hcAzonta1. It is  originally set 
to the lwnch elevation angle, and is modified by double 
integration of THDD, THETA double dot. 

is the slope of the coefficient of the normal force acting 
on tbe center of presaure. 

is the reference area. 

is defined above. 

THETA - GAMA, and is called the "angle of attack". The 
program switches from the Period I model to the model 
used for the rest of the flight when ALPH becomes zero 
(found by interpolation as it crosses from plus to minus). 
The duration of Period I is about 0.8 second for a 
NIKE-CAJUN, and about 5 seconds for a SCOUT. 

GAMA is the  flight path angle ~ h i c h  defines the dil . . 
in which the rocket is moving 

is the weight of the rocket divided by the force of g~ Aty. 

is acceleration in the Z direction, which is vertical at 
the launch site. LI 

is THETA double dot, the acceleration in  the rocketts 
inclination angle to the XL axis. 

LCP-LCG. 

is the distance from the reference position (usually the 
nose of the rocket) to the center of pressure. 

is the distance from the reference position to the rocketts 
center of gravity. 

is the rocket's pitch moment of inertia. 

The equations above have been sirnpllfied by the dimhation of effects euch 

as pitch damping and jet damping which were found to have no significant 



- - 1  _--.----- - - - -- - - . 
6'3 TO .( 61  ~ 4 2 . , 6 - 3 . , - 6 6 , 6 . 5 _ , 5 f i , - 6 7 ~ 6 8 . ) - , N _ ~ A - L  . ------..-. - - . 

- . .  6 1-..C?5Tl!.uE__- --- 
- -. . - . . . - - - . . - PPIh!T 101.9KF)PC - ------------..----a - 

... PRINT. 3 0 .  -- - 
. P R I N T -  31. -. _ _  - - - _ _ - _ - - - - - - - . - - - -  .. . . 

--- -- C . - PRINT PACE A ( c M G L ? S H )  . . .  - - ~ . . .  

- -- - - --. - PRJNT ~ O P . _ (  ( Y F S S ( L L )  ,T.IMA (LL.?r (_A!XF!AY(-I..,L-I.-*.l ,?-=1,08) ! t L L = . l  * L !  . .  - 

- 2 - R  1 3  T-lX -.---- ----- -- 
- . - . -. - -. - . . -. . . - - \!PAC = . NDA-CF!-I - - - - - - - - - - - - - - - - - - - - - - - - -  - .  -- - - 



I -- -=.-! ?-.I -----.-..-,--- ----- ------ .- 

- .  -- - . Go ..To._(. 6 1, 6 2 - 9 E r  h3dL5 r6S&W!!!_,NPAC-- - -- - - - . - -. - 
. - - -. . - - 64. CON? I V U E  -- - ----- - .- 

---- --- -. . PR 1 h~ T- -1 OL;_I.K_DP_C,.-- - - - - - - - - - .- - - 
-- ------ - -  PRIvT--37- --- ---- ------ --- -- 

E . ? _ ~ ~ 2 4  - 
PR?NT~ 3-5-- --.------- --.-.---------------.------ --- . - 

C P R I N T  P A ~ E  D ( FNGL. T S H )  



-. - A - - - - - - . - - P R I N T  56- - -- .-------..--.-------..- ----- - - - .- ----. . - 
P R I N T  PAC% c ( M E T R I C )  c.- . . .. - .- .-. -.-. .. . - . . -- - -- - - - ." .. . 

. - . - . . . . - - . - . P-RINT 2 3 , -  ( ( ~ E S S ( L L ) , T I M A ( L L ) ; - ( A R R E Y ~ I ? L L  ... - .  931 ,.?=l?.lO)!-r&:1,L) - 





- C O W O N  /STOP 10 / S.T - --------- - -- 
CC$lMON /STQ~.l-~/T1.~~EILC, _ .. ' -. .--- -- - 

-- - - -- C O M M O N / S T C ) R ~ ~ / L O W , F P T ~ ! ~ Y ~ E P B - ! ~ , P T I . , P ! ~ _ P ~ ~ ~ D T , H _ I _ C ~ ~ I I _ - -  -. ---- 
- --.- -- -. . . - D T ~ F N S I O ~ !  S!9r6) .9ST(.2-O. , lO_)rK(6-p~)-  ------- 
- --. .. .A - -. DIMFNS.:OR DP ( 6 1 _ -  -. - ..-- ------ -- --.- - ---. ---- 
- .- R F A C .  LOW 9 K  -.. - - - - - - - - . - -  ---. . -- 

C - - -- . - - . - - . - . BEG1 N RUYCE:KUT.TA.-I.YTCG.PATI-QN . -.--- 

- a .NK = 3 .  -PA - ------ ------....-- -- - 
.. - .. . ... .CALL ACCEL-.. - - - -__.- - - - - - - - - . - - - - - - -  r . .- --.----,-- --i. ---- --- 
- -  D . 0 - , 4 ( ? ~ -  J.r l . . ~ b  
-_ - - . _ . . . - . - .  K 1  J.93 1 .  = -  DT*SLJ_+3,3)  - ---- -- --------.-- --- 

-. .. ... S ( J  94 = S.( J 91.1 _..+--Y.(.J,3L . - - - - -  

. -.-- &O8 CONTINUE A- .. . . . - - - -  - ..------. 
----- .-. .- - .~-- T.1 MF. .=--LI YEO-LPL-- . - - - - - I - .  -. -- ----- - 
. - -. - -. . - . - . . NK = 4 .- . . . . .. . . -. -- - --- - - - - - . - - - . -- - - . - . - - - . - . - - - -.. -- - -.- -- -. ---..- -. .- . -- - - 



. S(Jr1) = .ST(J,3)._ .. ! =I-- '98. C O N T I N U E  -._-- - -. ----- ----- -- 

GO TO 60;2 _ - - . - . - - - - - - - - _ - - - - - - + - _ - - - - - - - - - - - - -  - - - . - - - - . - - -  
-.--- -- 601 _ D P (  J )  - f _ b P  _ _ -__ ________ . _ _ _ - - - _ - _  _.-__ 

602 C O N T I h l U E  ---.-----.-,-----. -.. - - - - _ - -  
F R A C  = D q A X l  (n?(41 .~np. (? . )  r W ( b 1  1 -. .. .- .-- .---------..-.--- -- - - -  - -. 
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