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A COMPUTER PROGRAM FOR QUICKLY ANALYZING 

ELECTRIC PROPULSION MISSIONS 

Alf red  C .  Mascy 

Office of  Advanced Research and Technology 
Mission Analysis  Divis ion 

Moffet t  F i e l d ,  C a l i f o r n i a  94035 

SUMMARY 

A computer program i s  descr ibed  t h a t  i s  capable  of determining t h e  
performance and system requirements of e l e c t r i c a l l y  p rope l l ed  spacec ra f t  i n  
combination with s p e c i f i c  launch v e h i c l e s  and h igh - th rus t  upper s t a g e s .  
formulat ion of  t h e  l o g i c  and opt imiza t ion  techniques are descr ibed  as well as 
the  func t iona l  r e l a t i o n s h i p s  t h a t  d e f i n e  t h e  c h a r a c t e r i s t i c s  of  t h e  high- and 
low-thrust  systems. The seve ra l  ou tput  formats ,  inc luding  a p l o t  op t ion ,  are 
i l l u s t r a t e d ,  and complete d e s c r i p t i o n s  of a l l  i npu t  and output  parameters  and 
a program l i s t i n g  i n  For t r an  I V  are given.  The inpu t  i s  s i m p l i f i e d  by use of 
c o l l o q u i a l  v a r i a b l e s .  Example problems are provided which d e p i c t  t h e  usage 
of t h e  var ious  opt ions  a v a i l a b l e  t o  t h e  use r .  These opt ions inc lude :  

The 

Plane t  o r b i t e r s  o r  f lybys  
Launch t o  parking o r b i t  o r  d i r e c t  t o  escape 
Bu i l t - i n  s t a b l e  of launch v e h i c l e s  o r  s p e c i f i e d  by input  
High- o r  low-thrust  Earth depar ture  
High- o r  low-thrust  p l a n e t  a r r i v a l  
Optimum o r  cons t ra ined  power 
Optimum o r  cons t ra ined  t h r u s t  time 
Optimum o r  cons t ra ined  hyperbol ic  v e l o c i t i e s  
Optimum (a = f ( P ) )  o r  cons t ra ined  propuls ion  system s p e c i f i c  mass 
A l l - b a l l i s t i c  h igh - th rus t  comparisons 
Three output  formats ,  inc luding  g raph ica l  

The program i s  q u i t e  accu ra t e  i n  s imula t ing  e n t i r e  missions and can 
def ine  t h e i r  requirements very quick ly  due t o  t h e  s h o r t  execut ion t imes,  
which range from 0 . 1  second t o  0.5 second, on an IBM 360-50 (0.05 t o  0.25 on 
IBM 7094, 0.02 t o  0 . 1  on IBM 360-75) depending on t h e  opt ion  s e l e c t e d ,  
Convergence is  guaranteed.  

INTRODUCTION 

A s  t h e  n a t i o n a l  space program p rogres ses ,  t h e r e  i s  growing i n t e r e s t  i n  
performing missions t h a t  have g r e a t e r  propuls ive  energy requirements than  
those performed t o  d a t e .  
through t h e  use of e l e c t r i c  propuls ion .  
system requirements f o r  t h i s  type  of  advanced propuls ion  has  i n  t h e  past 

One method of accomplishing such missions is  
The ana lys i s  of t h e  performance and 



centered  on d e t a i l e d  t r a j e c t o r y  s t u d i e s  (ref.  1 ) .  The computation of  
optimized low-thrust  t r a j e c t o r i e s  i s  complicated by t h e  requirement f o r  i n t e -  
g r a t i o n  of t h e  equat ions of motion and t h e  s o l u t i o n  of  t he  subsequent 
boundary-value problem with concomitant op t imiza t ion  o f  t h e  system parameters .  
More than  50 at tempts  have been made over t h e  years  t o  develop low-thrust  
t r a j e c t o r y  and mass-computation programs t h a t  ease t h i s  computer-time- 
consuming problem ( r e f .  2)  . 

The slow execut ion speeds of  most of t hese  programs have excluded t h e i r  
use i n  i n v e s t i g a t i n g  wide ranges of  v a r i a b l e s  necessary t o  i d e n t i f y  commonal- 
i t y  i n  mission and system c h a r a c t e r i s t i c s .  Many programs are q u i t e  i n f l e x i b l e  
and do not  allow s tudy  of i n t e r e s t i n g  opt ions  such as cons t ra ined  power l e v e l  
and cont ra ined  t h r u s t i n g  time, o r  va r ious  depar ture  and a r r i v a l  modes. 
program descr ibed i n  t h i s  paper  evolved from an e f f o r t  t o  produce a use fu l  
low-thrust  mission-analysis  t o o l  of acceptab le  accuracy and compute t i m e  t h a t  
would be app l i cab le  t o  a range of  problems: 

The 

The computer program de f ines  t h e  performance and system requirements of  
e l e c t r i c a l l y  p rope l l ed  unmanned p l a n e t - o r b i t e r  and f lyby  missions using e x i s t -  
ing  launch veh ic l e s  f o r  t h e  Earth launch phase,  and h igh- thrus t  upper s t a g e s  
o r  low-thrust  s p i r a l  maneuvers f o r  Earth-departure  and p l a n e t - a r r i v a l  phases .  
The c h a r a c t e r i s t i c s  of t he  launch veh ic l e s  and h igh - th rus t  s t ages  may be spec-  
i f i e d  i n  l i e u  of t h e  b u i l t - i n  va lues .  
completely optimized, o r  may be cons t ra ined  i n  power l e v e l ,  t h r u s t i n g  time, 
propuls ion  system s p e c i f i c  mass, o r  depar ture  and a r r i v a l  v e l o c i t i e s .  Rather  
than i n t e g r a t e  the  low-thrust  t r a j e c t o r y ,  func t iona l  r e l a t i o n s h i p s  f o r  t he  
energy requirements of  precomputed optimum t r a j e c t o r i e s  obtained from accura t e  
computer programs are s t o r e d  wi th in  t h e  code (refs. 3 ,  4 ) .  Curve - f i t t i ng  
procedures have been used i n  def in ing  t h e  energy parameters as a func t ion  of  
time and hyperbol ic  excess v e l o c i t y  a t  Ear th  depar ture  and p l a n e t  a r r i v a l .  
method of  system opt imiza t ion  based on t h e  near  invar iance  of  c e r t a i n  param- 
e t e r s  with system v a r i a b l e s  was found t o  be q u i t e  accu ra t e .  Low-thrust and 
h igh - th rus t  p l a n e t o c e n t r i c  opera t ions  a r e  expressed a n a l y t i c a l l y ,  and t h e i r  
v e l o c i t y  i s  matched with t h e  h e l i o c e n t r i c  phase.  
t r a j e c t o r y  d a t a  i s  e x c e l l e n t ,  and t h e  computer t imes are less than  a second 
p e r  f u l l y  optimized case.  

The e l ec t r i c  propuls ion  system may be  

A 

Cor re l a t ion  wi th  exac t  

Most important a r e  t h e  fail-safe and user-convenience f e a t u r e s  of t h e  
code. Convergence i s  assured on any case t h a t  has  a s o l u t i o n .  On a l l  o t h e r  
cases, t h e  code r e p a i r s  any damage t o  i t s  l o g i c  and proceeds t o  t h e  next  i npu t  
case.  This  f ac i l i t a t e s  t h e  running of numerous cases  with l a r g e  ranges i n  
parameters .  Also, much e f f o r t  has been expended i n  developing t h e  program 
with t h e  l a y  u s e r  i n  mind. 
c o l l o q u i a l  v a r i a b l e s  such as t h e  proper  names of launch veh ic l e s  and p l a n e t s ,  
and t h e  s t r a igh t fo rward  s p e l l i n g  of  parameters t o  i n d i c a t e  t h e i r  func t ion  
such as MODE = FLYBY, ARRIVE = HIGH, LAUNCH = ESCAPE. The For t r an  I V  program 
coding has been kept  r e l a t i v e l y  simple s o  t h a t  t h e  l o g i c  flow may be  followed 
e a s i l y  and changed t o  s u i t  a u s e r ' s  p a r t i c u l a r  needs.  The program is  being 
s e n t  t o  t h e  r eg iona l  disseminat ion cen te r ,  COSMIC, loca ted  a t  t h e  Univers i ty  
of Georgia, f o r  genera l  a v a i l a b i l i t y ,  

The input  has been s i m p l i f i e d  through t h e  use of  



ANALYSIS 

The d e f i n i t i o n  of  t h e  performance and system requirements of an unmanned 
i n t e r p l a n e t a r y  space mission involves  t h e  apportionment of  s t a g e  masses a t  
each phase such t h a t  maximum payload may be de l ive red  f o r  a given launch 
weight and given c o n s t r a i n t s .  The problem complexity inc reases  when one of 
t hese  s t ages  i s  e l e c t r i c a l l y  propel led ,  f o r  it i s  then  necessary t o  proper ly  
mate both high- and low-thrust  systems having markedly d i f f e r e n t  cha rac t e r -  
i s t ics .  
genera l ly  r equ i r ed  many i t e r a t i o n s  involv ing  time-consuming low-thrust  t ra- 
j e c t o r y  i n t e g r a t i o n .  
mission ana lys i s  of s u f f i c i e n t  speed t o  allow broad coverage o f  cases, t h e  
low-thrust  t r a j e c t o r i e s  have been precomputed and s t o r e d  wi th in  t h e  program 
descr ibed he re in .  The d a t a ,  ready f o r  i n s t a n t  recal l ,  i s  s t o r e d  i n  t h e  form 
of func t iona l  r e l a t i o n s h i p s  between t h e  t r a j e c t o r y  parameters 
coas t  time, opera t ing  time, and i n i t i a l  and f i n a l  v e l o c i t i e s .  Since J is  
a good i n d i c a t o r  of energy requirements ,  t h e  minimization of t h i s  parameter  
over t h e  p l a n e t o c e n t r i c  and h e l i o c e n t r i c  phases w i l l  y i e l d  t h e  optimum appor- 
tionment of t h e  opera t ing  t imes wi th in  t h e s e  phases ,  The energy parameter  J 
is  heav i ly  time-dependent and i s  a d d i t i v e  over t h e  phases:  

The opt imiza t ion  of t h e  var ious  s t a g e  and system parameters has 

To provide a computational t o o l  f o r  e l ec t r i c -p ropu l s ion  

J = ,fa2dt, 

where 

and s u b s c r i p t s  : 

T t o t a l  

D depar ture  

H h e l i o c e n t r i c  

C capture  

The program thus  minimizes t h e  summation of  
d i v i s i o n  of  t h e  t o t a l  mission time among t h e  var ious  phases ,  The d e s c r i p t i o n  
of t h i s  problem s o l u t i o n  w i l l  proceed i n  t h e  o r d e r  i n  which t h e  code handles  
each phase.  

J T  while  seeking t h e  b e s t  

3 



Launch 

Since most analyses  of unmanned i n t e r p l a n e t a r y  missions begin on t h e  
launch pad, t h e  c h a r a c t e r i s t i c s  of a s t a b l e  of 11 presen t ly  conceived o r  
ope ra t iona l  launch veh ic l e s  have been b u i l t  i n t o  t h e  program. 
is t ics  of t hese  v e h i c l e s ,  an example of  which is  shown i n  f i g u r e  1, are 

The cha rac t e r -  

2 -  s t o r e d  i n  16 valued t a b l e s  of  PAYUP 
(payload mass of v e h i c l e s ,  kg) versus  

VC ( c h a r a c t e r i s t i c  v e l o c i t y  of vehi -  
104- cle ,  km/sec). The s t o r e d  va lues  o f  

t h e  s e l e c t e d  launch veh ic l e s  may be 
6- found i n  subrout ine  DPART. If t h e  

ana lys t  d e s i r e s  t o  use a v e h i c l e  t h a t  
4 -  is  not  i n  s to rage ,  he need only inpu t  

1 m t h e  t a b u l a r  values  of  PAYUP and VC ( a  
a- maximum of  16 va lues  each) .  The con- 
2 2 -  vent ion  adopted i n  t h i s  s tudy  is  t h a t  
v) a l l  launch veh ic l e s  a t t a i n  a t  least  
E low c i r c u l a r  o r b i t  speed s o  t h a t  t h e  

i n i t i a l  values  i n  t h e  t a b l e s  should 103- 

..-. - correspond t o  low Ear th  o r b i t  
cond i t ions .  

TITAN 3D/CENTAUR (1205) 8- 

I3 

0 

c 
0 8- 

6- 

4 -  
If the  launch v e h i c l e  i s  t o  

p l ace  i t s  payload i n t o  a parking 
2 -  o r b i t  (LAUNCH = PARK), t h e  input  

parameters of t h e  parking o r b i t  (RP1 
and EPSD) are used t o  c a l c u l a t e  t h e  

15 17 I 19 I r equ i r ed  c h a r a c t e r i s t i c  v e l o c i t y ,  VC.  
Characteristic veloci ty,  VC, krnlsec Since t h e  performance of t h e  veh ic l e s  

9 I I  13 
102 L 

7 

are s t o r e d  with minimum requirements 
Figure 1.- Example of  b u i l t - i n  launch vehicle s t a r t i n g  i n  low Ear th  o r b i t ,  a l l  

c h a r a c t e r i s t i c s .  launch v e l o c i t i e s  computed i n t e r n a l l y  
are a d d i t i v e  t o  c i r c u l a r  v e l o c i t y ,  

7.75 km/sec, a t  185-km (100-n.mi.) a l t i t u d e .  The v e l o c i t y  requirement t o  
t r a n s f e r  from t h e  185-km c i r c u l a r  o r b i t  t o  t h e  t r a j e c t o r y  t h a t  w i l l  coas t  t o  
t h e  s p e c i f i e d  o r b i t  pe r igee  (RP1) is given by: 

where 

GM 39.86 ( lo4  km3/sec2) 

A 1 2  semimajor ax i s  of t r a n s f e r  o r b i t  = - (RP1 + 1.029) RG 
2 

RP1 - 1.029 
R P 1  + 1.029 €12 e c c e n t r i c i t y  of t r a n s f e r  o r b i t  = 

4 



The v e l o c i t y  requirement t o  e s t a b l i s h  t h e  d e s i r e d  parking o r b i t  a t  t h e  
r ad ius  RP1 i s  given by: 

where 

EPSD e c c e n t r i c i t y  of d e s i r e d  o r b i t  

AD semimajor ax i s  of d e s i r e d  o r b i t  = 

RG r ad ius  of  Earth 

(RG) R P 1  
1 .0  - EPSD 

The t o t a l  v e l o c i t y  r equ i r ed  of t h e  launch v e h i c l e  i s :  

VC = 7.75 -4. V 1  + V2 

The code then e n t e r s  t h e  t a b u l a r  values  of  VC using a second-order i n t e r -  
po la t ion  t o  determine exac t  values  of launch veh ic l e  payload, BOOSTL. 

If t h e  launch v e h i c l e  i s  t o  p l a c e  i t s  payload unto an escape t r a j e c t o r y  
(LAUNCH = ESCAPE), t h e  r equ i r ed  v e l o c i t y  i s  simply: 

VC = J(VINF1)2 + 2(7.75)2 (4) 

where V I N F l  i s  t h e  depar ture  v e l o c i t y  e i t h e r  cons t r a ined ’by  inpu t  of VA 
o r  l e f t  f o r  program opt imiza t ion .  
(BOOSTL) from t h e  appropr i a t e  launch v e h i c l e  t a b u l a r  va lues .  

The code then determines t h e  payload 

Depart 

When t h e  launch v e h i c l e  i s  used t o  p l a c e  i t s  payload i n t o  a parking o r b i t  
(LAUNCH = PARK), t h e  u s e r  should i n d i c a t e  h i s  choice o f  depar ture  s t a g e  
t h r u s t  l e v e l  by i n p u t .  Departure from o r b i t  v i a  a h igh - th rus t  rocke t  
(DEPART = HIGH) r e q u i r e s  t h e  c a l c u l a t i o n  of  t h e  energy and performance based 
on t h e  s t a g e  and o r b i t a l  c h a r a c t e r i s t i c s .  
t h e  system is :  

The v e l o c i t y  increment r equ i r ed  of  

AV = b m  RP 1 (RG) - /- 
The payload r a t i o  of t h e  h igh - th rus t  system is given by: 

BOOSTL - WFUEL - WINERT 
BOOSTL DEPL = 

5 



where 

WFUEL 

WINERT DINERT + DSIGMA[WFUEL] 

DINERT input  f i x e d  s t a g e  weight 

DSIGMA input  tankage f r a c t i o n  

DISP inpu t  s p e c i f i c  impulse 

For i n t e r n a l  accounting purposes,  t h e  h igh - th rus t  depar ture  payload r a t i o  i s  
set equal  t o  1 whenever LAUNCH = ESCAPE, s i n c e  t h e  depar ture  s t a g e  is  p a r t  of 
t h e  launch v e h i c l e .  

With DEPART = LOW, t h e  code w i l l  s imula te  a low-thrust  s p r i a l  escape of  
Earth from t h e  des igna ted  parking o r b i t .  The method of  descr ib ing  t h e  s p i r a l  
escape maneuvers uses expressions developed by Edelbaum (ref ,  5) on t h e  b a s i s  
of t h e  work of Breakwell and Rauch (ref. 61, and considers  t h e  asymptotic 
matching of t h e  p l a n e t o c e n t r i c  and h e l i o c e n t r i c  t r a j e c t o r i e s  t h a t  are under 
the  in f luence  of  both t h e  Sun and t h e  Ear th .  The low-thrust  c h a r a c t e r i s t i c  
v e l o c i t y  increment under optimal s t e e r i n g  during p l ane t  escape i s  given by: 

where 
C(1 - v11 

TD 
i n i t i a l  a c c e l e r a t i o n  = A 0  

v parking o r b i t  ve 1 o c i  t y  

1-ll depar ture  phase mass r a t i o  

C exhaust v e l o c i t y  of  system 

TD depar ture  time 

The low-thrust  system i s  assumed t o  ope ra t e  cont inuously during t h e  s p i r a l  
escape, t h e r e f o r e ,  TD The f i n a l  mass r a t i o  f o r  t h i s  
maneuver i s :  

i s  t h e  powered time. 

u1= exp ($) 
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and the  energy parameter J = a2dt  f o r  cons t an t - th rus t  p l a n e t  depar ture  
i s  given by: 

JD = ($) TD 

from which it fol lows t h a t  f o r  a given o r b i t  
C and TD. 
JD i s  very s l i g h t  and i s  h e r e i n  c a l c u l a t e d  f o r  a f i x e d  va lue  of C .  Hence, 
t h e  depar ture  phase i s  descr ibed  by: 

JD is  simply a func t ion  of 
Fur the r ,  it can be  shown ' tha t  t h e  in f luence  of  exhaust v e l o c i t y  on 

TD = depar ture  time = powered time 

which w i l l  be  used i n  t h e  minimization o f  t o t a l  
propuls ion system opt imiza t ion .  Again, f o r  i n t e r n a l  accounting purposes ,  t he  
h igh - th rus t  depa r tu re  payload r a t i o  i s  s e t  equal t o  1 whenever DEPART = LOW. 

JT f o r  t h e  e l e c t r i c -  

Mode 

The low-thrust  h e l i o c e n t r i c  phase i s  t h e  next  s t a g e  of t h e  a n a l y s i s  and 
may be e i t h e r  a f lyby  (MODE = FLYBY) o r  an o r b i t e r  (MODE = ORBIT). Under t h e  
f lyby  mode, t h e  spacec ra f t  i s  assumed t o  t r a v e r s e  an optimum h e l i o c e n t r i c  
t r a v e l  angle  and t o  pass  wi th in  t h e  v i c i n i t y  o f  t h e  t a r g e t  p l a n e t  wi th  an 
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unconstrained approach v e l o c i t y ,  
O r b i t e r  spacec ra f t  a r e  assumed t o  
t r a v e r s e  an optimum t r a v e l  angle  and 
t o  apply some braking propuls ion  such 
t h a t  a use fu l  payload may be p laced  
i n  a s p e c i f i e d  o r b i t  about t h e  t a r g e t  
p l a n e t .  To avoid t h e  time-consuming 
problem of t r a j e c t o r y  i n t e g r a t i o n  a t  
each s t e p  of  t h e  opt imiza t ion  wi th in  
t h i s  program, t h e  low-thrust  t r a j e c -  
t o r i e s  f o r  a range of mission times 
and i n i t i a l  and f i n a l  v e l o c i t i e s  have 
been precomputed using accu ra t e  pro-  
grams (see f i g .  2)  and t h e  d a t a  have 
been s t o r e d  i n  t h e  form of  t h e  
fol lowing r e l a t i o n s h i p s :  

\' 4 . 2  

4 , 4  

Zn JH = A + B Zn TH 

I I I I  I I 
4 6 0 IO  20 40 
Heliocentric t ime,  TH, days x 100 and powered time 

Figure 2 . -  Example o f  a c t u a l  low-thrust 
performance s t o r e d  i n  program fo r  
p lane t  J u p i t e r  . 



where t h e  cons tan ts  A ,  B ,  C ,  D ,  and E are determined by t h e  method of  least  
squares  t o  b e s t  r ep resen t  t h e  precomputed d a t a .  
v e l o c i t y  V I  and f i n a l  v e l o c i t y  V 2  ( i n  t h e  case of o r b i t e r s ) ,  t h e  
h e l i o c e n t r i c  phase i s  descr ibed by: 

Hence, f o r  given i n i t i a l  

For ease of convergence, t h e  s t o r e d  d a t a  have been generated using a power- 
p l a n t  s p e c i f i c  mass c1 of 5 kg/kWe. The energy parameter JH and t h e  t h r u s t  
time THP vary  s l i g h t l y  with t h e  system parameter c1 and are empir ica l ly  
descr ibed  by: 

where 

vary = 0 .0001667J~(a  - 5) 

P lane t  ohe li o c e n t r i  c Matching 

The h e l i o c e n t r i c  i n i t i a l  v e l o c i t y  V I  d i f f e r s  from t h e  p l a n e t o c e n t r i c  
h igh - th rus t  depar ture  v e l o c i t y  VINFl by t h e  amount gained i n  t h r u s t i n g  along 
t h e  p l ane ta ry  escape t r a j e c t o r y  immediately fol lowing h igh - th rus t  engine 
c u t o f f .  This ga in  i n  v e l o c i t y ,  due t o  applying even a small amount of f i n i t e  
t h r u s t  c l o s e  t o  a g r a v i t a t i n g  body, i s  accounted f o r  by e i t h e r  t h e  method o f  
asymptotic matching of  t h e  h igh - th rus t  hyperbol ic  depar ture  t r a j e c t o r y  with 
t h e  low-thrust  h e l i o c e n t r i c  t r a j e c t o r y  ( r e f .  73 (MATCH = ASYMPT) o r  by t h e  
method of sphere of i n f luence  matching (MATCH = SPHERE b u i l t - i n ) .  
sphere-of- inf luence matching, t h e  low-thrust  system i n i t i a l  v e l o c i t y  i s  
r e l a t e d  t o  t h e  h igh - th rus t  system depar ture  v e l o c i t y  by: 

Under 

2 GM V 1  = /(VINF1)2 + - 145RG 
(14) 

2GM 
(RSPHERE) RGP V2 = (VINF2)2 + J 

Under asymptotic matching, t h e  low-thrust  system i n i t i a l  v e l o c i t y  i s  
r e l a t e d  t o  t h e  h igh - th rus t  system depa r tu re  v e l o c i t y  by: 

where 

(VINFl) X =  
4- 
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G(X) conta ins  complete e l l i p t i c  i n t e g r a l s  of  t h e  f i rs t  and second k ind ,  which 
have been accu ra t e ly  c u r v e - f i t t e d  and s t o r e d  wi th in  t h e  program. 
noted t h a t :  

Hence, it is  

V i  = f(VINF1,Ao) 

In  similar fash ion  f o r  o r b i t e r s  with h igh - th rus t  cap ture ,  

where 

GMP g r a v i t a t i o n a l  cons tan t  o f  t a r g e t  p l a n e t  

VINF2 a r r i v a l  v e l o c i t y  t o  be appl ied  by h igh - th rus t  r e t r o s t a g e  
(cons t ra ined  by input  o r  l e f t  f o r  op t imiza t ion)  

f i n a l  ma3s r a t i o  of e l e c t r i c  s t a g e  vi 

A r r  i v a1 

In  t h e  case of  o r b i t e r s ,  a choice may be made on t h e  t h r u s t  l e v e l  f o r  

The 
p l ane t  cap ture .  
des i r ed  o r b i t  using a h igh - th rus t  s t a g e  of  s p e c i f i e d  c h a r a c t e r i s t i c s .  
v e l o c i t y  increment i s :  

ARRIVE = HIGH i n s t r u c t s  t h e  code t o  r e t rob rake  i n t o  t h e  

(VINF2)2 + w2(RGP) 2 (GMP) 

where 

RG P r ad ius  of t a r g e t  p l a n e t  

RP 2 p e r i a p s i s  of  cap ture  o r b i t  

EPST e c c e n t r i c i t y  of capture  o r b i t  

AC 

The payload r a t i o  of  t h e  h igh - th rus t  a r r i v a l  system i s  given by: 

semimajor ax i s  of cap ture  o r b i t  = RP2(RGP)/(1 - EPST) 

APROCH - WUEL - WINERT 
APROCH ARRL = (19) 
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where 

WFUEL 1 - exp 

WINERT AINERT + 

1) APROCH - nv 
[AISP (0.00981) 

AS IGMA (WFUE L) 

AINERT input  f i x e d  s t a g e  weight 

ASIGMA inpu t  tankage f r a c t i o n  

A I  SP inpu t  s p e c i f i c  impulse 

With ARRIVE = LOW, t h e  code w i l l  s imula te  a low-thrust  s p i r a l  cap ture  i n t o  t h e  
des igna ted  a r r iva l  o r b i t .  
descr ibed  under DEPART = LOW y i e l d s  t h e  fol lowing:  

The method of  asymptotic matching similar t o  t h a t  

Tc = capture  time = powered time 

Optimizat ion 

The maximization of f i n a l  payload r equ i r e s  t h e  optimum a l lo tment  of mass 
during each phase.  The o v e r a l l  payload is  given by: 

PAYLOAD = (MLE) (ARRL) (DEPL) (BOOSTL - WEJECT) (20) 

where WEJECT r ep resen t s  any i n t e r s t a g e  mass, low-thrust  s t a r t - u p  equipment, 
e tc . ,  which t h e  a n a l y s t  wishes t o  d i sca rd  a f te r  launch veh ic l e  i n j e c t i o n .  
Thus, DEPL(BO0STL - WEJECT) de f ines  t h e  i n i t i a l  gross  mass of  t h e  low-thrust  
system. The d e f i n i t i o n s  of BOOSTL, DEPL, and ARRL have been given above and 
r e q u i r e  only i t e r a t i o n s  on t h e  depar ture  and a r r i v a l  v e l o c i t i e s  t o  determine 
t h e i r  values  i n  t h e  o v e r a l l  op t imiza t ion  scheme. The low-thrust  payload mass 
f r a c t i o n ,  MLE, can be determined as an i n t e g r a l  p a r t  of minimizing J and 
apport ioning t h e  time spent  i n  each phase.  
( r e f .  8 ) ,  based on t h e  near  invar iance  of  J with system parameters ,  has been 
found t o  be q u i t e  accu ra t e ,  e s p e c i a l l y  when t h e  s l i g h t  v a r i a t i o n  can be p re -  
d i c t e d  and compensated. 
t h e  minimum value  of  J is i n v a r i a n t  t o  pw, and t h e  average t h r u s t  accelera- 
t i o n  over  a t r a j e c t o r y  with a minimum J is  a l s o  i n v a r i a n t  t o  w w .  The 
average t h r u s t  a c c e l e r a t i o n  may be descr ibed by: 

A method of system opt imiza t ion  

The underlying assumptions t o  t h i s  method a r e  t h a t  

and t h e  i n i t i a l  a c c e l e r a t i o n  by: 
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where 

C exhaust v e l o c i t y  

a1 f i n a l  a c c e l e r a t i o n  = ao/pl 

An a l t e r n a t e  express ion  f o r  t h e  average acce le ra t ion  i s :  
- 
a = (JT/Tp)I’* 

where J T  has prev ious ly  been def ined  as : 

JT = LT a2 d t  = JD + JH + JC 

and TP 
inc luding  a l l  phases : 

i s  t h e  t o t a l  p ropuls ion  time along t h e  e n t i r e  low-thrust  t r a j e c t o r y  

The r a t i o  o f  e l ec t r i c -p ropu l s ion  payload mass (or n e t  spacec ra f t  mass as 
def ined i n  t h i s  program) t o  i t s  i n i t i a l  mass, DEPL(BO0STL - WEJECT), i s  given 
by : 

and the  f i n a l  mass r a t i o  is given.  by: 

where 

V W  powerplant mass r a t i o  

pT 

k tankage f r a c t i o n  (0.03 b u i l t - i n )  

p r o p e l l a n t  tankage r a t i o  = k ( l  - 11,) 

rl t h r u s t o r  subsystem e f f i c i e n c y  

Y2 OrJT/2 

Or powerp 1 ant  s p e c i f i c  mass 

I t  i s  convenient t o  de f ine  t h e  t h r u s t o r  subsystem e f f i c i e n c y  i n  t h e  form of an 
a n a l y t i c a l  func t ion  whose d e r i v a t i v e  i s  continuous,  thus  : 

B 
1 + (D/C)2 

n =  

11 



where 

B cons tan t  (0.842 b u i l t - i n )  
.80 

'" '~ /- D cons tan t  (16.0 b u i l t - i n )  
B 

The b e s t  f i t  of  B and D values  t o  
p r o j e c t i o n s  of  re ferences  9 and 10 is 

B = 0.842 shown i n  f i g u r e  3, which inc ludes  a 
D = 16.0 90 pe rcen t  power condi t ion ing  

e f f i c ien  cy. 

9'- 
I + (g)2 

I I I I I I I I Optimum Power Level 
0 20 40 60 80 100 120 140 

Beam velocity, C, km/sec 
To maximize payload, it is  

Figure 3 . -  Thrustor  subsystem ef f ic iency .  necessary t o  optimize t h e  system 
parameters ,  exhaust v e l o c i t y ,  and 

powerplant mass r a t i o .  
MLE equal t o  zero and using equat ions (23) ,  (26),  and (27) and t h e  above rela- 
t i o n s h i p s ,  t h e  fol lowing expressions r e s u l t  f o r  t h e  optimum system parameters :  

S e t t i n g  t h e  f i rs t  v a r i a t i o n  of  t h e  payload mass r a t i o  

Exhaust v e l o c i t y :  

1 / 2  
112 

C = [-+ 2BTp --!-+ 2BT k D2 - (B + Bk +e) :] 
a a a 2TP 

Powerplant mass r a t i o  : 

I - -  - 
B aD2 >' '2 'w - (B + Bk + - 

2TP 

The f i n a l  mass r a t i o  
s u b s t i t u t i o n  of  1-1, and C i n t o  equat ions (26) and (27) ,  g iv ing :  

and t h e  payload f r a c t i o n  MLE may be found by d i r e c t  

p 1 = 1 -  Y 

The va lues  of  B,  D ,  k ,  and a are presumably known; thus ,  t h e  above optimum 
system equat ions r e q u i r e  t h e  t o t a l  p ropuls ion  time and t h e  t o t a l  energy 
parameter J T  which are func t ions  of t h e  h e l i o c e n t r i c  t i m e  TH and t h e  
i n i t i a l  and f i n a l  v e l o c i t i e s  V 1  and V 2 .  Hence, f o r  maximum PAYLOAD, we need 

Tp 

1 2  



t o  determine t h e  optimum V I  and V 2  t h a t  maximize t h e  payload of t h e  
combined h e l i o c e n t r i c  and p l a n e t o c e n t r i c  phases while  seeking t h e  b e s t  com- 
b ina t ion  o f  TD, TH, and Tc. This i s  accomplished by incrementing t h e  
v e l o c i t i e s  i n  a l t e r n a t e  f i x e d  s t e p s ,  DELV1, DELV2 ( b u i l t - i n  va lues  are both 
0.5 km/sec) while  i t e r a t i n g  between t h e  apportionment of time spen t  i n  each 
phase u n t i l  t h e  maximum o v e r a l l  payload is achieved. 
f o r  t h e  completely unconstrained case i s  given by: 

The optimum power l e v e l  

(32) 
VW POWER = < DEPL(BO0STL - WEJECT) 

where DEPL(BO0STL - WEJECT) r ep resen t s  t he  i n i t i a l  low-thrust  system gross  
mass. The i n i t i a l  a c c e l e r a t i o n  i s :  

0.002 pwn AZERO = ac (33) 

where 1-1, and C are t h e  optimum values  found above. 

Constrained Power Level 

The preceding a n a l y s i s  has d e a l t  with t h e  case of f u l l y  optimized system 
parameters I t  of ten  is  necessary t o  determine t h e  
performance and requirements of a system t h a t  has a s p e c i f i e d  f i x e d  power 
l e v e l .  Through inpu t  of t h e  des i r ed  powerplant c h a r a c t e r i s t i c s  ALPHA and 
POWER the  mass and power l e v e l  of t h e  systems a r e  cons t ra ined .  The mass of 
the  powerplant i s  given by: 

vW, T p r  C ,  and POWER. 

WPLANT = (ALPHA) POWER (34) 

and t h e  powerplant mass f r a c t i o n  is  simply: 

- WPLANT 
’w - DEPL(BO0STL - WEJECT) (35) 

From t h e  previous d e f i n i t i o n s  and equat ions (21),  (22),  (26),  and (27), t h e  
fol lowing express ion  f o r  exhaust v e l o c i t y  i n  terms of  powerplant mass f r a c t i o n  
r e s u l t s  : 

0.5 ( 1 + - itw) ( B 2 ~ ~ ’ w 2 )  [1 + d-1- D2/’2 (36) 

The r equ i r ed  i n i t i a l  a c c e l e r a t i o n  f o r  t h i s  f i x e d  power case i s  now: 

0.002 uwn 
AFP = a~ 

(37) 
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This change i n  i n i t i a l  a c c e l e r a t i o n ,  caused by a f ixed  1.1, and newly computed 
C ,  w i l l  affect  t h e  energy parameter and t h e  two assumptions underlying 
the  previous method of  system opt imiza t ion .  
t i o n  was t h e r e f o r e  used which is  based on t h e  near  invar iance  of t r a j e c t o r y  
c h a r a c t e r i s t i c  length  L with system parameters  (ref. 11) .  I n  t h i s  tech-  
nique,  t h e  c h a r a c t e r i s t i c  length  of a t r a j e c t o r y  is  assumed cons tan t  regard-  
l e s s  of  t h e  type of propuls ion  system used t o  t r a v e r s e  i t s  p a t h ,  The form 
of t h i s  parameter,  which is  a measure of  t h e  energy requirements f o r  t h e  
mission,  is given by: 

JT 
A technique of system opt imiza-  

where TT is the  t o t a l  mission t ime. The cons tan t  R as der ived  ( r e f ,  11) 
was 0.5.  However, af ter  in spec t ion  of numerous cases ,  t he  cons tan t  R used 
i n  t h i s  program was empi r i ca l ly  set a t  0 .4 ,  which causes L t o  more c l o s e l y  
de f ine  both t h e  optimum and cons t ra ined  missions,  and i s  i d e n t i f i e d  as LPRIME 
( L ' ) .  Thus, L '  i s  a func t ion  of  C and Tp, s i n c e  A, depends on C .  
I d e a l l y ,  one would hope t o  determine L t  f o r  t h e  optimum power case and s e t  
it equal t o  t h e  L t  
i t e r a t i o n  on Tp t o  determine t h e  b e s t  C.  Unfortunately,  even L r  v a r i e s  
with a c c e l e r a t i o n  A,, and, although s l i g h t ,  t h e  v a r i a t i o n  i s  s u f f i c i e n t  t o  
cause unnecessary e r r o r  i n  and t h e r e f o r e  low-thrust  payload MEE. 
After some observa t ion ,  t h e  v a r i a t i o n  of  c h a r a c t e r i s t i c  length  wi th  acce le ra -  
t i o n ,  f o r  t h e  fixed-power case, was found t o  be simply: 

f o r  t h e  cons t ra ined  case,  thereby r equ i r ing  only an 

C and Tp 

- (0.9 + 0.1  ""> 
- LAPT AFP 

(39) 

where AOPT and LdpT 
power case, and AFp and L i p  refer  t o  t h e  fixed-power case, The method of  

s o l u t i o n  is  t o  f i rs t  guess a Tp and s o l v e  equat ion (36) f o r  C (with t h e  
known f i x e d  p,). Next, determine the  new A F ~ ,  equat ion (37), and use equa- 
t i o n s  (38) and (39) t o  determine a new value o f  Tp. Equation ( 3 6 )  is then  
so lved  f o r  t h e  new value o f  C.  The f i n a l  m a s s  r a t i o  is  given by: 

r e f e r  t o  t h e  a c c e l e r a t i o n  and length  of t h e  optimum 

AFPTP 
C 1.I1=1-- (401 

and t h e  payload mass r a t i o  i s  given by: 

MLE = v l ( l  + k )  - 1.1, - k  
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Constrained Thrust  Time With Fixed Power 

In  add i t ion  t o  t h e  case of cont ra ined  power level,  it i s  a l s o  r ea l i s t i c  
t o  spec i fy  a f i x e d  upper bound on t h r u s t i n g  t ime.  A s  f o r  both optimum power 
and cons t ra ined  power cases, t h e  coas t  and t h r u s t  phases must s t i l l  be o p t i -  
mally p laced .  The technique f o r  system opt imiza t ion  of t h e  f i x e d - t h r u s t  time 
with fixed-power case i s  similar t o  t h a t  of t h e  fixed-power case. 
t h e  t r a j e c t o r y  c h a r a c t e r i s t i c  length  v a r i e s  with both acce le ra t ion  and t h r u s t  
time i n  t h e  fol lowing manner: 

However, 

[0.85 + 0.15 (k)( TIMEON TFP )] 
LkTP = AFTP 

where  AFT^ 
TIMEON is  t h e  input  cons t ra ined  t h r u s t i n g  time upper l i m i t ,  
and LbP 

t h e  constrained-power, optimum-thrust-time case,  which is solved p r i o r  t o  t h e  
constrained-power, constrained-t ime case. The procedure of  s o l u t i o n  i s  t o  
guess a va lue  of C ,  determine AFTp and then compute 

Next, equat ion (38) i s  so lved  f o r  t h e  new va lue  of C (knowing both 
Tp = TIMEON, which is i n p u t ,  and 
POWER inpu t )  and r epea t  t h e  process  u n t i l  convergence, 
guess far t h e  exhaust v e l o c i t y  i s :  

i s  the  i n i t i a l  a c c e l e r a t i o n  of t h e  f ixed-t ime,  fixed-power case ,  

and TFK' AFp' are t h e  t h r u s t  t ime,  a c c e l e r a t i o n ,  and c h a r a c t e r i s t i c  l eng t  found i n  

by equat ion (42) .  LiTP 

uw,  which is  computed from the  cons t ra ined  
An e x c e l l e n t  first 

where t h e  s u b s c r i p t  FP refers t o  t h e  prev ious ly  so lved  fixed-power, optimum? 
time case. After determinat ion of  C ,  t h e  low-thrust  payload mass r a t i o  com- 
pu ta t ion  proceeds i n  a manner similar t o  t h a t  of t h e  previous case .  
o v e r a l l  PAYLOAD opt imiza t ion  cont inues as t h e  i n i t i a l  and f i n a l  v e l o c i t i e s  
a r e  incremented and t h e  phase times are apport ioned wi th  a subsequent i t e ra -  
t i o n  through t h e  low-thrust  system opt imiza t ion ,  as descr ibed  i n  t h e  previous 
th ree  subsec t ions .  

The 

Powerplant S p e c i f i c  Mass as a Function of Power 

An a d d i t i o n a l  op t ion  may be exerc ised  t o  i n v e s t i g a t e  t h e  e f f e c t  of 
opt imal ly  s i z i n g  t h e  powerplant t o  a launch v e h i c l e  - mission combination 
according t o  an assumed l e v e l  of technology. 
r e l a t i o n s h i p  between power l e v e l  and powerplant s p e c i f i c  mass a t h e  a n a l y s t  can 
r e a l i s t i c a l l y  determine t h e  b e s t  compromise powerplant f o r  a range of  missions 
(ref. 12 ) .  Bu i l t  i n t o  t h e  code is  t h e  fol lowing empir ica l  r e l a t i o n s h i p ,  which 

Through t h e  use of a func t iona l  
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Figure 4.- Powerplant technology l eve l s .  

i s  shown i n  f i g u r e  4: 

ALPHA 

where 

WP LANT 

= (WPLANT) P O W E R P ~ ~  (44) 

cons tan t  descr ib ing  t h e  
r e l a t i o n s h i p  (350.0 
b u i l t - i n )  

PPK cons tan t  de f in ing  the  
technology l e v e l  as : 
-0.4 = s t a t e  of  a r t ,  
-0.5 = nominal, 
-0.6 = advanced 

I t  i s  seen t h a t  ALPHA w i l l  i nc rease  as POWER decreases .  The code w i l l  auto-  
m a t i c a l l y  r ecyc le  i t s e l f  u n t i l  i t  f i n d s  t h e  optimum power l e v e l ,  and hence 
ALPHA, which w i l l  y i e l d  t h e  m a x i m u m  payload f o r  a given launch weight on a 
p a r t i c u l a r  mission ( ref .  13 ) .  When using t h i s  op t ion ,  ALPHA o r  POWER are n o t  
i npu t ,  as they  w i l l  be  computed i n t e r n a l l y .  
and WPLANT ( i f  t h e  u s e r  wishes t o  ove r r ide  t h e  b u i l t - i n  value of 350.0) .  

The only input  r equ i r ed  is  PPK 

DISCUSSION 

General User Comments 

The program descr ibed i n  t h i s  r e p o r t  has  been used ex tens ive ly  f o r  a 
wide range of miss ions .  
modi f ica t ions  and improvements t o  f a c i l i t a t e  i t s  use by o t h e r s .  
guesses are r equ i r ed  on t h e  p a r t  o f  t he  use r  s i n c e  a l l  i n i t i a l  va lues  and 
s t a r t i n g  s o l u t i o n s  are provided i n t e r n a l l y ,  Convergence is completely assured  
on any case t h a t  has  a s o l u t i o n .  On a l l  o t h e r  cases, t h e  code r e p a i r s  any 
damage done t o  i t s  l o g i c  and proceeds wi th  t h e  next  i n p u t  case. This  expe- 
d i t e s  t h e  running of numerous cases with l a r g e  ranges i n  parameters .  B u i l t  
i n t o  t h e  code are automatic  i npu t  loops on ALPHA, TIME, POWER, and EPST, which 
allow t h e  ana lys t  t h e  f l e x i b i l i t y  t o  cover l a r g e  ranges i n  t h e s e  v a r i a b l e s ,  
Upon inpu t  of a range of parameters ,  it i s  advantageous t o  run cases i n  t h e  
o rde r  of  i nc reas ing  d i f f i c u l t y  ( i . e . ,  TIME = 1000.0, 800.0,  600.0; 
ALPHA = 30.0,  40.0,  5 0 . 0 ) .  Because of  b u i l t - i n  c u t o f f s ,  t i m e  i s  saved by 
e l imina t ing  a l l  missions more d i f f i c u l t  than  t h e  last  one t o  f a i l  (negat ive 
payload) .  
appendix A) which, of course,  t h e  ana lys t  can ove r r ide  with h i s  own des i r ed  
input  va lues .  
c o l l o q u i a l  v a r i a b l e s  such as t h e  proper  names of  launch veh ic l e s  and p l a n e t s  
(BIRD = 'ATLAS/CENTAUR', 'PLANET = SATURN', e t c . )  and t h e  s t r a igh t fo rward  
s p e l l i n g  of parameters  t o  i n d i c a t e  t h e i r  func t ion  such as MODE = FLYBY,  
ARRIVE = HIGH, LAUNCH = ESCAPE, e t c .  A l l  proper  names i n  t h e  input  should b e  
enclosed by quote  marks. 

The experience gained i n  using t h e  code has l e d  t o  
No i n i t i a l  

Reasonable values  of most parameters have been b u i l t  i n  (see 

The inpu t  i t s e l f  has been s i m p l i f i e d  through t h e  use of 
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The program has been coded i n  FORTRAN I V  and has been kept  r e l a t i v e l y  
simple so  t h a t  t h e  l o g i c  flow may be  followed e a s i l y ,  thereby f a c i l i t a t i n g  t h e  
i n e v i t a b l e  changes t o  s u i t  a u s e r ' s  p a r t i c u l a r  needs.  
exerc ised  on t h e  IBM 360-50 computer and the  s t o r a g e  requirements are minimal, 
The execut ion times on t h i s  computer range from 0 .1  second (flyby with optimum 
power) t o  0.5 second ( o r b i t e r  with cons t ra ined  power and cons t ra ined  t h r u s t  
time and wi th  i n i t i a l  and f i n a l  v e l o c i t i e s  t o  be opt imized) .  Execution times 
on o t h e r  computers are es t imated  t o  be  0.05 t o  0.25 on t h e  IBM 7094, and 0.02 
t o  0 .1  on t h e  IBM 360-75. These times r ep resen t  a two t o  t h r e e  order-of- 
magnitude reduct ion  i n  t h e  compute times of o t h e r  e x i s t i n g  programs on t h e  
same s u b j e c t .  Nor has accuracy been s a c r i f i c e d ,  as c o r r e l a t i o n  wi th  exac t  
mission s imula t ion  d a t a  i s  e x c e l l e n t  ( r e f s ,  1, 14) .  

The program has been 

The output  format has  been s e l e c t e d  t o  allow a onec l ine  l i s t i n g  p e r  case 
so  t h a t  as many as 40 missions may b e  concise ly  f i l e d  on one page, 
pu t  i s  t o  t h e  l i n e  p r i n t e r  and is  s i z e d  f o r  i n c l u s i o n  i n  loose- leaf  notebooks,  
Appendix B conta ins  t h e  output  parameters  and t h e i r  d e f i n i t i o n s .  
t o  t h e  convent ional  l i s t i n g ,  a graph of  t h e  d a t a  may be obtained by s t a t i n g  on 
input  PRINT = GilAPH. This  allows a p l o t  of n e t  spacec ra f t  mass versus  mission 
time f o r  a family of powerplant s p e c i f i c  mass. B u i l t  i n t o  t h e  program i s  a 
d i agnos t i c  f e a t u r e  t h a t  on input  of  PRINT = HELP w i l l  output  var ious  key 
parameters i n t e r n a l  t o  t h e  program i n  case of unforeseen problems (see l i n e  
233 of main program). 

The out-  

I n  a d d i t i o n  

I n  add i t ion  t o  t h e  opt ions  covered thus  far  t h e r e  i s  another  feature 
t h a t  may be use fu l .  
purposes of comparison wi th  t h e  low-thrust  miss ions ,  simply input  ALPHA = 0,O 
and t h e  VA and VB equal t o  t h e  hyperbol ic  excess  v e l o c i t i e s  a s soc ia t ed  wi th  
the  a l l - b a l l i s t i c  mission.  Accordingly, t h e  code w i l l  compute only t h e  
launch, depa r tu re ,  and a r r i v a l  condi t ions  with a coas t  t r a j e c t o r y  assumed f o r  
t he  e n t i r e  h e l i o c e n t r i c  phase.  A l l  p l a n e t o c e n t r i c  maneuvers w i l l  b e  calcu-  
l a t e d  us ing  t h e  c h a r a c t e r i s t i c s  of t h e  h igh - th rus t  systems t h a t  are ei ther  
b u i l t - i n  o r  overr idden by inpu t .  

To compute t h e  a l l  h igh - th rus t  p ropuls ion  cases f o r  

To i l l u s t r a t e  t h e  requirements f o r  deck make-up of a job,  appendix C 
d i sp l ays  the  IBM cards  used f o r  example problem 3 .  It w i l l  b e  no t i ced  t h a t  
t h e  fou r th  card  inc ludes  t h e  subrout ines  MPXO4F1 through ---_L FS which are b a s i c  
t o  t h i s  program. 
Subroutine M O X O l U P  i s  a graph o r  p l o t  r o u t i n e  a v a i l a b l e  t o  IBM 7094 use r s  
under t h e  name UMPLOT. I t  has been modif ied t o  run on t h e  IBM 360 series and 
r equ i r e s  t h e  fou r  program ca l l s  PLOT1 through 4 ,  Subrout ine M O X O l I N  is a 
d a t a  input  r o u t i n e  t h a t  i s  similar t o ,  and may be rep laced  by, TBM's NAMELIST 
input  r o u t i n e .  The CALL INPUT wi th in  t h e  program should be  changed t o  be 
READ s ta tements .  The p resen t  i npu t  r o u t i n e  al lows cases  t o  be  s tacked  by 
simply p l ac ing  an a s t e r i s k  card between each s e t  of i n p u t .  
q u a n t i t i e s  which are t o  b e  changed need be added a f te r  t h e  a s t e r i s k .  A l l  
d a t a  may be punched on t h e  cards  i n  free form, 
users  with t h e  code, a s e r i e s  of example problems a r e  included i n  appendix D .  
A complete l i s t i n g  of t h e  program FORTRAN s ta tements  i s  given i n  appendix E .  

The f i f t h  card inc ludes  subrout ines  MOXOlUP and M O X O l I N .  

Only those  inpu t  

To f a m i l i a r i z e  p o t e n t i a l  

17 



A s  with any program, t h e r e  a r e  c e r t a i n  l i m i t a t i o n s  and r e s t r i c t i o n s  
inhe ren t  t o  t h e  opera t ion  of  t h e  code descr ibed  he re .  
i n  t h e  fol lowing paragraphs along with some suggested extensions t o  i t s  
app 1 i cat i on. 

These are set f o r t h  

Limitat ions 

The s imula t ion  of  a p a r t i c u l a r  mission i s  l imi t ed  by t h e  amount of 
precomputed and s t o r e d  d a t a .  The t r a j e c t o r y  d a t a ,  wi th in  the  code, f o r  
Mercury and Venus do not  inc lude  t h e  v a r i a t i o n  with i n i t i a l  and f i n a l  
v e l o c i t i e s ,  and t h e r e  a r e  no d a t a  s t o r e d  f o r  P lu to  as  y e t .  J u p i t e r  swingby 
e l ec t r i c -p ropu l s ion  d a t a  have no t  y e t  been included i n  t h e  program and would 
r ep resen t  a very use fu l  ex tens ion  of  t h i s  r e sea rch  t o o l .  Users of t h e  pro- 
gram who f i n d  a need f o r  d a t a  such as t h e  above may convenient ly  s t o r e  t h e  
information as  ou t l ined  i n  t h e  ana lys i s  s e c t i o n .  O f  course,  t h e  accuracy of  
any s imulated mission i s  dependent on t h e  accuracy of t h e  s t o r e d  d a t a ,  which 
r equ i r e s  d e t a i l e d  t r a j e c t o r y  computations and e f f i c i e n t  curve f i t s ,  Inev i t a -  
b l y ,  some missions w i l l  r e q u i r e  ex t r apo la t ions  o f  t he  s t o r e d  information,  and 
t h e  proper  form of t h e  r e p r e s e n t a t i v e  curves w i l l  a f f o r d  g r e a t e r  confidence 
i n  t h e  r e s u l t .  

Extensions of  t h e  Program 

If  more r e f i n e d  s imula t ion  i s  des i r ed ,  one may consider  t h e  coupling of  
t h i s  l e v e l  1 code with a more accura te  l e v e l  2 t r a j e c t o r y  program, The 
mission may then be recomputed us ing  a d e t a i l e d  t r a j e c t o r y  subrout ine  
( r e f .  15) with t h e  l e v e l  1 parameters as an i n i t i a l  s t a r t i n g  s o l u t i o n .  This  
method allows t h e  u s e r  var ious  l e v e l s  of analyses  and g ives  him t h e  f l e x i b i l -  
i t y  of t r ad ing  accuracy f o r  t ime.  The execute  times f o r  t h i s  scheme a r e  
g r e a t l y  reduced s i n c e  i n  t h e  lower l e v e l  of analyses  t h e  t r a j e c t o r y  d a t a  has  
a l ready  been computed, and i n  t h e  h igher  l e v e l  e x c e l l e n t  i n i t i a l  s o l u t i o n s  
are a v a i l a b l e  f o r  t h e  opt imiza t ion  of system and t r a j e c t o r y  parameters such 
as s p e c i f i c  impulse,  powerplant mass f r a c t i o n ,  t h r u s t  a c c e l e r a t i o n ,  opera t ing  
time, and depar ture  and a r r i v a l  v e l o c i t i e s .  

An i n t e g r a l  p a r t  of  o v e r a l l  mission s imula t ion  should inc lude  t h e  
d e f i n i t i o n  of t h e  propuls ion  system hardware. Although a simple r e l a t i o n s h i p  
between power l e v e l  and system mass is  b u i l t - i n ,  a more r igorous  t rea tment  of  
system ana lys i s  may be  provided through t h e  coupling of  t h i s  p re sen t  code 
with a systems and hardware d e f i n i t i o n  program. Within such a code, t h e  sys- 
tem may be d e t a i l e d  i n t o  subsystem modules, inc luding  t h r u s t o r  and power 
condi t ion ing  mating; thermodynamic cycle  c a l c u l a t i o n s ;  r a d i a t o r  weight and 
a r e a  ana lys i s ;  apportionment of  accessory equipment, pumps, plumbing, e t c . ;  
r e a c t o r  c h a r a c t e r i s t i c s ,  s h i e l d  weight breakdown; and geometric conf igu ra t ion  
design and weight summary, There would be,  of  course,  feedback loops and 
opt imiza t ions  between var ious  subsystems, which may be s u b j e c t  t o  mission 
c o n s t r a i n t s  such as d i s t ance  from Sun, opera t ing  t ime, ambient temperature ,  
power l e v e l ,  diameter  of  launch veh ic l e ,  e t c .  When f u l l y  developed, t h e  
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mathematical modeling of  t h e  powerplant c h a r a c t e r i s t i c s  would allow t h e  
i n t e r p l a y  necessary t o  an o v e r a l l  low-thrust  mission s imula t ion  t o o l .  

Nat ional  Aeronautics and Space Adminis t ra t ion 
Moffet t  F i e ld ,  Calif .  94035, Nov. 24, 1969 
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Variab le  name 

APPENDIX A 

INPUT PARAMETERS 

Descr ip t ion  

TIME 
NT 
ALPHA 
NA 
LAUNCH 

RP 1 
EPSD 
BIRD 

TARGET 

ANGLE 

MODE 

POWER 
NP 

To ta l  mission time, days 
Number of missions times inpu t  (NT = 1 b u i l t  i n )  
Powerplant s p e c i f i c  mass, kg/kWe 
Number of  a lphas inpu t  (NA = 1 b u i l t  i n )  
Type of  launch t r a j e c t o r y  des i r ed  

= ESCAPE, w i l l  launch boos te r  payload t o  escape 
= PARK, w i l l  launch boos te r  payload t o  parking o r b i t  

Radius of parking o r b i t  i f  LAUNCH = PARK, Ear th  r a d i i  
E c c e n t r i c i t y  of  parking o r b i t  (0 .O b u i l t  i n )  
Proper name of launch v e h i c l e  s e l e c t e d  (must be enclosed 

i n  quotes ) :  
= 'SATURNV' 

'SATURNV/CENTAUR' 
'SATURNI/CENTAUR' 
'SIC/S4B 
'SIC/S4B/CENTAURf 
'TITANSF', same as T i t a n  3X(1207) 
'TITANJF/CENTAUR' 
'TITAN3D/CENTAUR1, same as (1205) 
'TITAN3D/AGENA' 
'ATLAS/CENTAUR' 
'ATLAS/AGENA' 

INPUT BOOST DATA',  used i f  c h a r a c t e r i s t i c s  of launch 
veh ic l e  are t o  be inpu t  

Proper name of t a r g e t  o r  p l a n e t  (must be enclosed i n  
quotes)  : 
= 'MERCURY 

'VENUS ' 
'MARS 
'JUPITER' 
SATURN 

'URANUS ' 
'NEPTUNE 
PLUTO 

'COMET HALEY i ,  rendezvous 
'EXTRA-ECLIPTIC' ,  1 .0  AU rendezvous 

Angle of i n c l i n a t i o n  t o  t h e  e c l i p t i c  i f  
TARGET = 'EXTRA-ECLIPTIC I, degrees 

Type  of  mission (need no t  be input  i f  
TARGET = 'COMET HALEY' o r  TARGET = 'EXTRA-ECLIPTIC') 

= ORBIT - o r b i t e r  
Electrical  power l e v e l ,  i f  cons t ra ined ,  kWe 
Number of powers inpu t  (NP = 1 b u i l t  i n )  

= FLYBY - f lyby  
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RP 2 
EPST 
NET 
DEPART 

DISP 

DS I GMA 

DINERT 

ARRIVE 

AISP 

AS I GMA 

AINERT 

D 

B 

TANK 

DELV 1 

DE LV 2 

VA 
VB 
TIMEON 

ENERGY 

WPLANT 

PP K 

PAYUP 

vc 

WEJECT 

Radius of capture  o r b i t ,  i f  o r b i t e r ,  p l ane ta ry  r a d i i  
E c c e n t r i c i t y  of cap tu re  o r b i t  (0 .0  b u i l t  i n )  
Number of  capture  e c c e n t r i c i t i e s  input  (NET = 1 b u i l t  i n )  
Thrust  l e v e l  of depa r tu re  s t a g e  i f  launch = PARK 

= HIGH, b a l l i s t i c - e s c a p e  s t a g e  
= LOW, e lec t r ic  s t a g e ,  s p i r a l  escape 

(DISP = 450.0 b u i l t  i n )  

(DSIGMA = 0.137 b u i l t  i n )  

(DINERT = 0.0  b u i l t  i n )  

= HIGH , b a1 1 i s t i c- cap t u r e  s t age 
= LOW, e lec t r ic  s t a g e ,  s p i r a l  cap ture  

b u i l t  i n )  

(ASIGMA = 0.10 b u i l t  i n )  

(AINERT = 0.0 b u i l t  i n )  

(D = 16.0 b u i l t  i n )  

bu i  1 t i n )  

b u i l t  i n )  

t i o n ,  km/sec (DELV1 = 0.5  b u i l t  i n )  

km/sec (DELV2 = 0.5 b u i l t  i n )  

S p e c i f i c  impulse of depar ture  s t a g e ,  sec 

Tank i n e r t  f r a c t i o n  o f  h igh - th rus t  depar ture  s t a g e  

Fixed i n e r t  mass of  h igh - th rus t  depar ture  s t a g e ,  kg 

Thrust  l e v e l  of  cap ture  s t a g e  i f  MODE = ORBIT 

S p e c i f i c  impulse of ARRIVAL s t a g e ,  sec (AISP = 300.0 

Tank i n e r t  f r a c t i o n  of  h igh - th rus t  ARRIVAL s t a g e  

Fixed i n e r t  mass of  h igh - th rus t  a r r i v a l  s t a g e ,  kg 

Constant i n  t h r u s t o r - e f f i c i e n c y  func t ion ,  km/sec 

Constant i n  t h r u s t o r - e f f i c i e n c y  func t ion  (B = 0.842 

Low-thrust p r o p e l l a n t  tankage f r a c t i o n  (TANK = 0.03  

Increment s i ze  on depar ture  hyperbol ic  v e l o c i t y  optimiza- 

Increment 's ize  on a r r i v a l  hyperbol ic  v e l o c i t y  opt imiza t ion ,  

Departure hyperbol ic  excess v e l o c i t y  i f  cons t ra ined  
Arr ival  hyperbol ic  excess  v e l o c i t y  i f  cons t ra ined  
Electric propuls ion  t h r u s t i n g  time upper l i m i t  i f  

Source of  e l e c t r i c  power: 
cons t ra ined ,  hours (TIMEON = 9999999.9 b u i l t  i n )  

= ATOMIC, nuc lea r  e lec t r ic  ( b u i l t  i n )  
= SOLAR, s o l a r  c e l l  (no d a t a  b u i l t  i n  y e t )  

Constant i n  alpha-power r e l a t i o n s h i p ,  kg (WPLANT = 350.0 
b u i l t  i n )  (see eq. (44)) 

Constant i n  alpha-power r e l a t i o n s h i p  (PPK = 0.0  b u i l t  i n )  
( see  eq. (44)) 

Tabular  va lues  of  launch veh ic l e  performance t o  be inpu t  
i f  B I R D  = 'INPUT BOOST DATA'; maximum of 16 va lues ,  kg 
(PAYUP = 1 6 ~ 0 . 0  b u i l t  i n )  

Tabular  values  of launch v e h i c l e  performance corresponding 
t o  i n p u t  values  of PAYUP; maximum of 16 va lues ,  km/sec 
(VC = 1 6 ~ 7 . 7 5  b u i l t  i n )  

d i scarded  a f t e r  launch v e h i c l e  i n j e c t i o n ,  kg 
(WEJECT = 0.0 b u i l t  i n )  

I n t e r s t a g e  mass, low t h r u s t  s t a r t - u p  equipment, e t c . ,  
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MATCH 

PRINT 

XMAX 

X M I N  
YMAX 
YMIN 
NHL 
NVL 
NS BH 

NS BV 

NAME 

Method of p l a n e t o h e l i o c e n t r i c  t r a j e c t o r y  matching 
= SPHERE (sphere of  i n f luence ,  b u i l t  i n )  
= ASYMPT (asymptotic v e l o c i t y  matching) 

= DATA b u i l t  i n  y i e l d s  s tandard  output  
= GRAPH y i e l d s  s tandard  p l u s  graph 
= HELP y i e l d s  debug d iagnos t i c  

Output cont ro  1 

Under PRINT = GRAPH t h e  fol lowing may be i n p u t :  

Maximum t r i p  time on absc i s sa ,  days (XMAX = 3200.0 

Minimum t r i p  time on absc i s sa ,  days (XMIN = 0 . 0  b u i l t  i n )  
Maximum payload on o rd ina te ,  kg (YMAX = 70000.0 b u i l t  i n )  
Minimum payload on o rd ina te ,  kg (YMIN = 0 . 0  b u i l t  i n )  
Number of ho r i zon ta l  g r i d  l i n e s  ((NHL = 7 b u i l t  i n )  
Number of v e r t i c a l  g r i d  l i n e s  (NVL = 8 b u i l t  i n )  
Number of c a r r i a g e  spaces between h o r i z o n t a l  l ines 

(NSBH = 5 b u i l t  i n )  
Number of c a r r i a g e  spaces  between v e r t i c a l  l i n e s  

(NSBV = 10 b u i l t  i n )  
Proper name of  ana lys t  (must be i n  quotes)  

b u i  1 t i n )  
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APPENDIX B 

OUTPUT PARAMETERS 

Variable  name 

TIME 
ALPHA 
PAY LOAD 
MUP 
MUW 
MLE 
DEPL 
ARRL 
POWER 
C 
T POW 
V I N F  1 
V I N F  2 
BOOSTL 
TC 
TH 
ETA 

Des c r i p  t i on 

To ta l  mission time 
Pow erp 1 a n t  s p  e c i  f i c mas s 
Net s p a c e c r a f t  mass 
P rope l l an t  mass f r a c t i o n ,  low t h r u s t  
Powerplant mass f r a c t i o n ,  low t h r u s t  
Payload mass f r a c t i o n ,  low t h r u s t  
Departure payload mass f r a c t i o n ,  high t h r u s t  
Ar r iva l  payload mass f r a c t i o n ,  h igh  t h r u s t  
E l e c t r i c a l  power suppl ied  t o  t h r u s t o r  system 
Exhaust v e l o c i t y ,  low t h r u s t  
Thrust ing time, low t h r u s t  
Hyperbolic excess  v e l o c i t y ,  Earth depar ture  
Hyperbolic excess v e l o c i t y ,  P l ane t  arr ival  
Launch veh ic l e  i n j e c t e d  payload 
Capture t ime, low t h r u s t  
H e l i o c e n t r i c  time, low t h r u s t  
Thrus tor  subsystem e f f i c i e n c y  p. /pe 

J 

Units  

days 
kg/kWe 
kg 

kWe 
km/sec 
hours 
km/sec 
km/sec 
kg 
days 
days 
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APPENDIX D 

EXAMPLE PROBLEMS 

Example 1 shows t h e  inpu t  parameters and output  v a r i a b l e s  o f  a simple 
Saturn f lyby  mission. 
i nc reas ing  ALPHA and t o  decrease with inc reas ing  mission time. The optimized 
hyperbol ic  excess  v e l o c i t y  increases  wi th  inc reased  ALPHA. The BOOSTL i s  t h e  
mass i n j e c t e d  on a hyperbol ic  escape t r a j e c t o r y  by t h e  ATLAS/AGENA launch 
vehic le .  

The optimum power l e v e l  i s  shown t o  decrease wi th  

Example 2,  a J u p i t e r  o r b i t e r ,  shows t h e  method o f  ove r r id ing  t h e  
b u i l t - i n  c h a r a c t e r i s t i c s  of  t he  h igh - th rus t  cap ture  s t a g e  by s p e c i f y i n g  AISP 
and ASIGMA. Note t h a t  t h e  capture  o r b i t  c h a r a c t e r i s t i c s  are those  of an 
e l l i p s e  wi th  p e r i a p s i s ,  RP2 = 2.0 J u p i t e r  r a d i i  and e c c e n t r i c i t y ,  EPST = 0 .9 .  
The exhaust v e l o c i t y  C o f  t h e  e l ec t r i c  s t a g e  i s  shown t o  decrease with 
inc reas ing  ALPHA. For t h i s  mission, t h e  hyperbol ic  v e l o c i t i e s  a t  both 
depar ture  and a r r i v a l ,  V I N F l  and VINF2, r e s p e c t i v e l y ,  have been optimized t o  
y i e l d  maximum payload. 

Example 3 i n d i c a t e s  t h e  method o f  cons t r a in ing  t h e  e l e c t r i c  power l e v e l  
of  t he  low-thrust  p ropuls ion  system by input  o f  t h e  d e s i r e d  l e v e l  of POWER. 
The cons t ra ined  power levels are shown i n  t h e  appropr i a t e  output  column. 
The low-thrust  p r o p e l l a n t  tankage f r a c t i o n  has  a l s o  been inpu t ,  TANK = 0.031. 
Note t h a t  when a s i n g l e  v a r i a b l e  i s  inpu t  such as one ALPHA, t h e r e  i s  no need 
t o  input  t h e  q u a n t i t y  of  t h a t  v a r i a b l e  such as NA = 1. 

Example 4 shows t h a t  mode need n o t  b e  inpu t  when TARGET = 'EXTRA- 
ECLIPTIC ' .  The p r i n t o u t  i n  the  c e n t e r  of  t h e  page i n d i c a t e s  t h a t  i t  is  a 
rendezvous type mission,  t h a t  i s ,  t h e  probe a r r i v e s  a t  t h e  des i r ed  i n c l i n a -  
t i o n  t o  t h e  e c l i p t i c  (ANGLE = 45.0) a t  1.0 AU and remains i n  a c i r c u l a r  o r b i t  
with those  condi t ions .  

Example 5 uses  a des i r ed  mass i n  Ear th  o r b i t  by spec i fy ing  LAUNCH = PARK, 
and B I R D  = 'INPUT BOOST DATA'. I n  t h i s  case,  t h e  f i x e d  i n i t i a l  mass of  
50,000 kilograms is inpu t  by PAYUP = 50000.0.  Note t h a t  i n  a l l  cases t h e  
output  shows t h a t  BOOSTL = 50000.0. 
h igh - th rus t  veh ic l e ,  DEPART = HIGH, whose input  c h a r a c t e r i s t i c s  are those  of  
an assumed nuc lea r  s t a g e ,  s p e c i f i c  impulse DISP = 800.0 seconds,  hydrogen 
tankage f r a c t i o n  DSIGMA = 0.20, and f i x e d  i n e r t s  p lus  nuc lea r  engine 
DINERT = 7000 .O kg. 

Departure from t h e  parking o r b i t  i s  by a 

t h e  

The 

Example 6 cons t r a i n s  t h e  depa r tu re  hyperbol ic  excess  v e l o c i t y  
VA = 4 .0  k i lometers  p e r  second. Note t h e  output  column V I N F 1 .  Also,  i n  t h i s  
example, t h e  capture  o r b i t  i s  c i r c u l a r  (RP2 = 16.0 p l a n e t  r a d i i ) ;  t h e r e f o r e ,  

e c c e n t r i c i t y ,  EPST = 0 . 0 ,  need n o t  b e  inpu t .  

Example 7 u t i l i z e s  t h e  b u i l t - i n  power-alpha r e l a t i o n s h i p ,  equat ion (44) . 
nominal technology s e l e c t e d  f o r  t h i s  example r equ i r e s  WPLANT = 350 .O and 
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PPK = -0.5.  
t h i s  launch vehic le -depar ture  mode t h a t  conforms t o  t h e  above c o n s t r a i n t .  The 
ALPHA column shows t h e  powerplant s p e c i f i c  mass corresponding t o  t h i s  power 
r e l a t i o n s h i p .  

Note t h e  POWER column outputs  t h e  power l e v e l  b e s t  s u i t e d  f o r  

Ne i the r  POWER no r  ALPHA should b e  inpu t  under t h i s  op t ion .  

Example 8 i l l u s t r a t e s  t h e  use o f  t h e  program i n  nondimensional parameters .  
Through t h e  inpu t  LAUNCH = PARK and B I R D  = NO BOOST, t h e  code w i l l  i n i t i a t e  
a l l  missions from Ear th  o r b i t  and t h e  payload w i l l  b e  normalized t o  Earth 
o r b i t a l  mass. The PBAR column gives  t h e  r a t i o  o f  POWER d iv ided  by PAYLOAD i n  
u n i t s  of  k i lowat t s /k i lograms.  For example, a mission time o f  2000 days and a 
powerplant s p e c i f i c  mass of  20 kg/kWe y i e l d s  a payload mass f r a c t i o n  of  0.0869 
and a PBAR = 0.0580. 
then our  payload would b e  869 kg and t h e  primary e l e c t r i c a l  power r equ i r ed  
would b e  50.3 kWe [ (0.0580) (869)] .  S i m i l a r l y ,  f o r  an o r b i t a l  mass o f  
20,000 kg, payload would b e  1738 kg and power would b e  100.6 kWe. 

I f  we d e s i r e d  our  Ear th  o r b i t a l  mass t o  b e  10,000 kg, 

Example 9 d e p i c t s  a very use fu l  output  format .  Through t h e  inpu t  
PRINT = GRAPH, t h e  r e s u l t s  of  t he  mission a n a l y s i s  i s  g raph ica l ly  por t rayed  
fol lowing t h e  s t anda rd  columnar p r i n t o u t .  The p l o t  shows mission time i n  
days along t h e  a b s c i s s a  o r  x-axis and n e t  s p a c e c r a f t  mass (payload) i n  k i l o -  
grams along the  o r d i n a t e  o r  y -ax i s .  The maximum and minimum values  o f  t hese  
parameters a r e  c o n t r o l l e d  by the  inpu t s  YMAX, Y M I N ,  XMAX, XMIN.  The number o f  
h o r i z o n t a l  and v e r t i c a l  g r i d  spaces  may a l s o  b e  changed by inpu t  as descr ibed  
i n  appendix A. The family of  a lphas i s  p l o t t e d  wi th  t h e  symbol corresponding 
t o  ALPHA d iv ided  by 10, thus 3 ,  4 ,  5 refer t o  ALPHA = 30, 40,  50 kg/kWe. The 
condi t ions  of  launch, depar ture ,  and a r r i v a l  a r e  shown i n  t h e  upper l e f t  corner  
as well as t h e  power l e v e l .  The word FIGURE i s  output  f o r  l a b e l i n g  convenience 
on t h e  bottom l e f t  and t h e  da t e  of  t h e  computer run is  au tomat ica l ly  p r i n t e d  
on t h e  bottom r i g h t  corner .  The name of  t h e  a n a l y s t  may b e  i n s c r i b e d  on t h e  
bottom r i g h t  corner  by t h e  inpu t  NAME = ' u s e r ' s  name'. 
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D-4 

TARGET='SATURN*, MOOE=FLYBY, 
LAUNCH=ESCAPE, BIRO='ATLAS/AGENA*, 

TIWE=1000., 1200.r 1400.r 1600.r NT=4, 
ALPHA=lO., 20.1 30.9 NA=31 

* 

EARTH TO SATURN FLYBY 

ATLAS/AGENA LAUNCH TO ESCAPE 

T I M E  ALPHA 

1000. 10.0 
1000. 20.0 
1000. 30.0 

1200. 10.0 
1200. 20.0 
1200. 30.0 

1400. 10.0 
1400.  20.0 
1400. 30.0 

1600. 10.0 
1600. 20.0 
1600. 30.0 

PAYLOAD 

356. 
256. 
187. 

391. 
302. 
238. 

413. 
332. 
272. 

42R. 
352. 
295. 

MUP MUW MLE OEPL ARRL 

- 2 3 1  - 1 9 7  - 5 6 5  1.000 1.000 
- 3 1 9  - 2 6 1  - 4 1 0  1.000 1.000 
,368 - 3 0 2  e319 1.000 1.000 

- 1 9 9  - 1 7 5  - 6 2 1  1.000 1.000 
-2.77 - 2 3 5  .480 1.000 1.000 
- 3 2 6  - 2 7 5  - 3 8 9  1.000 1.000 

- 1 7 9  - 1 6 0  - 6 5 6  1.000 1.000 
- 2 5 0  - 2 1 6  - 5 2 7  1.000 1.000 
- 3 0 0  - 2 5 6  - 4 3 5  1.000 1.000 

- 1 6 6  .150 - 6 8 0  1.000 1.000 
- 2 3 2  -202 - 5 5 8  1.000 1.000 
- 2 8 1  - 2 4 2  .469 1.000 1.000 

TARGET='JUPITER', 
LAUNCH=ESCAPE, 
ARRIVE=HIGH, RP2=2 .O, 

DEPART HIGH 

POWER C T POW 

12.4 77.6 12126.  
8.2 52.5 12126. 
5.9 41.9 12126.  

11.0 85.7 14257.  
7.4 58.3 14257. 
5.6 46.6 14257. 

10.1 92.7 16348.  
6.8 63.4 16348.  
5.3 50.6 1634R. 

9.4 99.0 18406.  
6.4 67.9 18406. 
5.1 54.2 18406.  

E x a m p l e  1. 

MOOE=ORBIT, 
81RO=*TITAN3F/CENTAUR1, 
EPST=.9, 

V I N F l  

0.0 
0.5 
1.5 

0.0 
0.0 
1.0 

0.0 
0.0 
0.5 

0.0 
0.0 
0.0 

VINFZ 

0.0 
0.0 
0.0 

0.0 
0.0 
0.0 

0.0 
0.0 
0.0 

0.0 
0.0 
0.0 

AISP=310.0, AS IGMA=- l l ,  
ALPHA=30.0* 40.0, 50.0, NA=3t  
T IME=1000 .0~  1200.r 1300.r 1400.9 NT=4r * 

EARTH TO JUPITER ORBITER 

TITAN3F/CENTAUR LAUNCH T O  ESCAPE 

DEPART HIGH A R R I V E  HIGH 

T I M E  ALPHA 

1000. 30.0 
1000. 40.0 
1000. 50.0 

1200. 30.0 
1200. 40.0 
1200. 50.0 

1300. 30.0 
1300. 40.0 
1300. 50.0 

1400. 30.0 
1400. 40.0 
1400. 50.0 

PAYLOAD 

2540. 
2279. 
2077. 

2870. 
2624. 
2425. 

2997.  
2753. 
2561. 

3101. 
2864. 
2676. 

MUP MUW MLE OEPL ARRL 

- 2 1 1  - 2 0 6  - 5 7 6  1.000 0.585 
- 2 2 2  ,225 - 5 4 7  1.000 0.553 
- 2 2 5  - 2 4 0  - 5 2 9  1.000 0.536 

- 1 8 8  - 1 8 3  - 6 2 3  1.000 0.599 
e198 e200 .595 1.000 0.585 
- 2 0 1  - 2 1 1  - 5 8 2  1.000 0.553 

- 1 8 1  - 1 7 7  e637 1.000 0.612 
- 1 9 2  .193 - 6 1 0  1.000 0.599 
- 1 9 4  - 2 0 3  - 5 9 7  1.000 0.570 

.170 - 1 6 6  - 6 5 9  1.000 0.612 
,186 - 1 8 6  e622 1.000 0.599 
- 1 9 0  - 1 9 7  - 6 0 7  1.000 0.585 

BOOSTL 

630. 
625. 
587. 

630. 
630. 
611. 

630. 
630. 
625. 

630. 
630. 
630. 

POWER C T POW V I N F l  

51.7 50.0 14025.  1.5 
42.4 43.6 14025. 1.5 
35.1 39.4 14025.  2.0 

47.0 54.8 l b 5 1 3 .  1.0 
37.7 47.7 16513.  1.5 
31.9 43.0 16513. 1.5 

45.2 56.9 17740.  1.0 
36.3 49.5 17740. 1.5 
30.6 44.6 17740.  1.5 

42.6 59.1 18958.  1.0 
35.8 51.1 18958. 1.0 
29.7 46.1 18958.  1.5 

VINFZ BOOSTL 

5.5 7533.  
6.5 7533. 
7.0 7322. 

5.0 7688. 
5.5 7533. 
6.5 7533. 

4.5 7688.  
5.0 7533. 
6.0 7533. 

4.5 7688. 
5.0 7688. 
5.5 7533. 

TC TH ETA 

0. 1000. -808 
0. 1000.  - 7 7 0  
0. 1000. - 7 3 5  

0. 1200. - 8 1 4  
0. 1200.  - 7 8 3  
0. 1200. .753 

0. 1400. - 8 1 8  
0. 1400. - 7 9 2  
0. 1400. - 7 6 5  

0. 1600. - 8 2 1  
0. 1600. - 7 9 8  
0. 1600. - 7 7 4  

TC TH ETA 

0. 1000. .764 
0. 1000. .742 
0. 1000. - 7 2 3  

0. 1200. .776 
0. 1200. .757 
0. 1200. - 7 4 0  

0. 1300. - 7 8 0  
0. 1300.  - 7 6 2  
0. 1300. - 7 4 6  

0. 1400.  .784 
0. 1400. - 7 6 7  
0. 1400. - 7 5 1  

E x a m p l e  2. 
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TARGET='URANUS', 

ARRIVE=LOW, RP2=19.01 
TANK=.031, 

LAUNCH=ESCAPE, 

POWER=ZOO., 3 0 0 o i  400.r 
ALPHA=ZOe. 
TIME=1500., 2000.. 2500.7 
A 

D - 5  

MOOErORBITt 
BIRO='SICIS4B/CENTAUR' t  
EPST=O .Os 

NP=3, 

NT=3. 

EARTH TO URANUS ORBITER 

SIC/S48/CENTAUR LAUNCH TO ESCAPE 

DEPART HIGH A R R I V E  LOW 

TIME ALPHA PAYLOAD MUP MUW MLE OEPL ARRL POWER C T POW V I N F l  VINFZ BOOSTL TC TH ETA 

1500.  20.0 1499. .583 - 2 9 0  . IO9 1.000 1.000 200.0 55.1 21762. 6.0 0.0 13776. 10. 1490.  - 7 7 6  
1500.  20.0 1300. .576 - 3 3 3  .072 1.000 1.000 300.0 59.7 21754. 4.0 0.0 17992. 9. 1491. ,786 
1500. 20.0 820. - 5 4 3  - 3 9 9  . 0 4 l  1.000 1.000 400.0 67.7 21751. 3.0 0.0 20048. 9. 1491.  - 7 9 7  

2000. 20.0 4733. .525 ,210 .248 1.000 1.000 200.0 56.2 28174. 3.5 0.0 19058. 19. 1981.  - 7 7 9  
2000. 20.0 5106. e473 - 2 7 7  .235 1.000 1.000 300.0 68.8 28162. 2.0 0.0 21697. 18. 1982. e799 
2000, 20.0 4832. .412 - 3 5 9  .217 1.000 1.000 400.0 84.7 28159. 1.5 0.0 22312. 17. 1983. - 8 1 3  

2500. 20.0 7472. - 4 5 7  e184  .344 1.000 1.000 200.0 62.9 34446. 2.0 0.0 21697. 30. 2470. .791 
2500. 20.0 7904. - 3 7 8  - 2 6 4  .347 1.000 1.000 300.0 83.9 34434. 1.0 0.0 22763. 29. 2471. e812 
2500. 20.0 7514. .317 .347 - 3 2 6  1.000 1.000 400.0 105.8 34430. 0.5 0.0 23038. 29. 2471. - 8 2 3  

E x a m p l e  3. 

T A R G E T = l E X T R A - E C L I P T I C ' ,  
ANGLE=45.0, 
ALPHA=10., 20.v 30.1 
TIME=400.r 500.r 600.r 700.. 
LAUNCH=ESCAPE. 
POW ER=50.0, * 

NA=3, 
NT=4. 
BIRO=*TITAN3O/CENTAUR'r 

EARTH TO EXTRA-ECLIPTIC RENOEZVU 

TITAN3D/CENTAUR LAUNCH TO ESCAPE 

TIME ALPHA PAYLOAD MUP MUW MLE DEPL ARRC 

400. 10.0 
400. 20.0 
400. 30.0 

500. 10.0 
500. 20.0 
500. 30.0 

600. 10.0 
600. 20.0 
600. 30.0 

700. 10.0 
700. 20.0 
700. 30.0 

1238. 
738. 
238. 

1654. 
1154. 

654. 

2 0 5 2 -  
1552.  
1052. 

2419. 
1919.  
1419.  

- 5 1 9  - 1 3 4  ,332 1.000 1.000 
.519 .268 - 1 9 8  1.000 1.000 
- 5 1 9  .402 .064 1.000 1.000 

- 4 8 7  - 1 1 6  - 3 8 3  1.000 1.000 
- 4 8 7  - 2 3 1  .267 1.000 1.000 
- 4 8 7  - 3 4 7  ,151 1.000 1.000 

- 4 5 9  - 1 0 3  .424 1.000 1.000 
- 4 5 9  - 2 0 7  - 3 2 1  1.000 1.000 
e459 - 3 1 0  .217 1.000 1.000 

- 4 1 0  e099 - 4 7 9  1.000 1.000 
.410 e198 - 3 8 0  1.000 1.000 
- 4 1 0  .297 .281  1.000 1.000 

DEPART HIGH 

POWER C T POW 

50.0 33.8 8928. 
50.0 33.8 8928. 
50.0 33.8 8928. 

50.0 36.7 11160. 
50.0 36.7 11160. 
50.0 36.7 11160. 

50.0 39.7 13392.  
50.0 39.7 13392.  
50.0 39.7 13392.  

50.0 45.0 15624. 
50.0 45.0 15624. 
50.0 45.0 15624. 

E x a m p l e  4. 

V I N F l  

5.0 
5.0 
5.0 

4.0 
4.0 
4.0 

3.0 
3.0 
3.0 

2.5 
2.5 
2.5 

VINFZ 

0.0 
0.0 
0.0 

0.0 
0.0 
0.0 

0.0 
0.0 
0.0 

0.0 
0.0 
0.0 

BOOSTL 

3734. 
3734. 
3734. 

4323. 
4323. 
4323. 

4838. 
4838. 
4838. 

5055. 
5055. 
5055. 

TC TH ETA 

0. 400. - 6 8 8  
0. 400. - 6 8 8  
0. 400. - 6 8 8  

0. 500. - 7 0 8  
0. 500. a708 
0. 500. - 7 0 8  

0. 600. .724 
0. 600. .724 
0. 600. - 7 2 4  

0. 700. - 7 4 8  
0. 700. .748 
0. 700. .748 
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D-6  

MOOE=ORBIT, 
BIRO='INPUT BOOST DATA', 

R P l = l - O 5 r  
OINERT=7000.09 
RP2=20.0, 
NA=3 9 

NT=4, 

TARGET='SATURN't 
LAUNCH=PARK 9 

PAYUP=50000.01 
OEPARTZH IGH 9 

oISP=800.0, OSIGMA=.20, 
ARRIVE=LOW 9 

ALPHA=lO.O* 20.0, 30.01 
TIME=1000.r 1500.9 2000.9 2 5 0 0 . ~  * 

T I M E  ALPHA 

1000. 10.0 
1000. 20.0 
1000. 30.0 

1500. 10.0 
1500. 20.0 
1500. 30.0 

2000. 10.0 
2000. 20.0 
2000. 30.0 

2500. 10.0 
2500. 20.0 
2500. 30.0 

EARTH TO SATURN ORBITER 

INPUT BOOST DATA LAUNCH TO PARKING 

DEPART HIGH A R R I V E  LOW 

PAYLOAD MUP MUW MLE OEPL ARRL POWER C T POW V I N F l  VINFZ BOOSTL 

6987, .391 .263 .334 0.418 1.000 551.0 75.6 14624. 3.0 0.0 50000. 
3354. .475 ,299 .212 0.316 1.000 236.1 50.3 14644. 6.0 0.0 50000. 
1628. - 5 2 0  .324 .140 0.232 1.000 125.1 39.8 14661. 8.0 0.0 50000. 

11742. .261 .208 - 5 2 4  0.448 1.000 465.0 100.1 21283. 1.5 0.0 50000. 
8219. .342 .254 .393 0.418 1.000 266.1 67.4 21309. 3.0 0.0 50000. 
5992. .396 .284 .308 0.389 1.000 184.5 53.2 21329. 4.0 0.0 50000. 

14101.  .204 . I 7 3  .617 0.457 1.000 395.6 118.5 27846. 0.5 0.0 50000. 
11047.  - 2 7 2  .218 - 5 0 2  0.440 1.000 240.1 80.8 27887.  2.0 0.0 50000. 

8975. - 3 2 3  - 2 5 0  .417 0.430 1.000 179.2 64.1 27905. 2.5 0.0 50000. 

15457. .171 .150 .674 0.459 1,000 343.5 134.2 34378. 0.0 0.0 50000. 
12750.  ,231 ,193 .569 0.448 1.000 216.3 92.0 34428.  1.5 0.0 5 0 0 0 0 -  
10864.  .275 - 2 2 3  - 4 9 4  0.440 1.000 163.6 73.4 34457. 2.0 0.0 50000. 

TARGET='NEPTUNE', 
LAUNCH=ESCAPE* 
ARRIVE=LOW t 
ALPHA=20.? 30.9 40.9 

VA=4.09 
TIME=3200.. 3000.. 2800., NT=3, 

Y 

E x a m p l e  5. 

EARTH TO NEPTUNE ORB I T E R  

TITAN3O/AGENA LAUNCH TO ESCAPE 

DEPART HIGH A R R I V E  LOW 

T I M E  ALPHA PAYLOAD MUP MUW MLE OEPL ARRL POWER C T POW 

3200. 20.0 734. - 3 9 6  - 2 5 9  .333 1.000 1.000 28.5 90.2 42358. 
3200. 30.0 493. - 4 8 3  - 2 7 9  - 2 2 4  1.000 1.000 20.5 68.5 42358.  
3200. 40.0 314. .555 - 2 8 6  ,142 1.000 1.000 15.8 55.3 42358. 

3000. 20-0 657. - 4 2 4  .265 - 2 9 8  1.000 1.000 29.2 86.0 40286. 
3000. 30.0 412. .516 - 2 8 1  .187 1.000 1.000 20.7 64.7 40286. 
3000. 40.0 232. - 5 9 3  - 2 8 4  - 1 0 6  1.000 1.000 15.6 51.6 40286. 

2800. 20.0 570. - 4 5 7  - 2 7 1  .259 1.000 1.000 29.9 81.4 38190. 
2800. 30.0 322. - 5 5 6  .281  - 1 4 6  1.000 1.000 20.6 60.3 38190. 
2800. 40.0 145. - 6 3 9  - 2 7 6  - 0 6 6  1.000 1.000 15.2 47.4 38190. 

V I N F l  VINF2 

4.0 
4.0 
4.0 

4.0 
4.0 
4.0 

4.0 
4.0 
4.0 

0.0 
0.0 
0.0 

0.0 
0.0 
0.0 

0.0 
0.0 
0.0 

BOOSTL 

2203. 
2203. 
2203, 

2203. 
2203. 
2203. 

2203. 
2203. 
2203. 

TC TH 

9. 991. 
11. 989. 
13. 987. 

26. 1474. 
28. 1472. 
30. 1470. 

50. 1950.  
54. 1946. 
55. 1945. 

83. 2417. 
87 .  2413. 
90. 2410. 

ETA 

.E06 
765 

.725 

- 8 2 1  
* 797 
.7?2 

.e27 

.e10 

.793 

TC TH ETA 

52. 3148. - 8 1 6  
52. 3148. .798 
52. 3148. - 7 7 7  

45. 2955. e814 
45. 2955. .793 
45. 2955. - 7 6 8  

38. 2762. - 8 1 1  
38. 2762. .787 
38. 2762. .756 

E x a m p l e  6. 
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D-7 

TARGET='JUPITER'1 MOOE=FLYBY, 
LAUNCH=PARK 9 BIRO=*TITAN3F 1. 

OEPARTZLOW t 
W PLANT=350 e 0 9  PPK=-.5r 

3 
TIME=800., 1000.9 1200.1 1400.9 1600.7 1800., 2000.1 NT=7. 

T I M E  ALPHA 

800. 24.4 

1000. 26.5 

1200. 28.2 

1400. 29.5 

1600. 3 0 - 5  

1800. 31.2 

2000. 31.9 

EARTH TO JUPITER FLYBY 

TITAN3F LAUNCH TO PARKING 

PAYLOAD MUP MUW MLE DEPL ARRL 

5552. .371 - 2 9 3  .325 1.000 1.000 

6603. .334 - 2 7 0  .386 1.000 1.000 

7265. - 3 1 1  - 2 5 4  - 4 2 5  1.000 1.000 

7706. .297 - 2 4 3  - 4 5 1  1.000 1.000 

8010. - 2 8 7  e235 - 4 6 9  1.000 1.000 

8224. .281 ,229 - 4 8 1  1.000 1.000 

8376. .277 - 2 2 5  - 4 9 0  1.000 1.000 

TARGET='URANUS', 
LAUNCH=PARK. 
DEPART=HIGH. 
OISP=420., 
ARRIVE=HIGH v 
ALPHA=lO.r 20.9 30.7 40.9 50.1 
TIME=1600., 1800.9 2000.1 
3 

T I M E  

1600. 
1600. 
1600. 
1600. 
1600. 

1800. 
1800. 
1800. 
1800. 
1800. 

2000. 
2000. 
2000. 
2000. 
2000. 

ALPHA 

10.0 
20 .o 
30.0 
40  -0 
50.0 

10.0 
20.0 
30.0 
40 -0 
50.0 

10.0 
20 .o 
30.0 
40.0 
50.0 

PAYLOA 

- 1 0 3 1  
- 0 4 7 8  
- 0 2 2 6  
e0107 
- 0 0 4 8  

- 1 2 7 4  
- 0 7 0 2  
- 0 4 0 0  
.0229 
- 0 1 3 1  

- 1 4 7 5  
- 0 9 0 7  
- 0 5 7 9  
.0374 
,02 42 

,O MUP MUW MLE 

- 4 0 7  - 2 6 0 4  0.3208 
.510 .2854 0.1896 
.550 - 2 9 9 0  0.1345 
-568 - 3 1 2 7  0.1026 
.556 .3282 0.0988 

- 3 6 1  - 2 4 7 3  0.3811 
.461 - 2 7 9 4  0.2460 
.514 - 2 9 5 3  0.1751 
,540 - 3 0 8 2  0.1359 
.548 - 3 2 1 1  0.1145 

- 3 2 1  - 2 3 2 8  0.4363 
.419 e2708 0.2975 
- 4 7 6  2898 0.2198 
- 5 0 9  . IO33 0.1728 
.525 - 2 . 5 3  0.1436 

DEPART 

POWER 

205.0 

173.9 

154.2 

141.1 

132.0 

125.4 

120.7 

LOW 

C T POW 

45.3 11760. 

50.5 15158.  

55.0 18657.  

59.1 22267.  

63.1 26006. 

66.9 29889. 

70.7 33933.  

E x a m p l e  7. 

MOOE=ORBIT, 

RP1=1 . lo ,  
0SIGMA=.1Z1 

NA=5. 
NT=3, 

BIRO='NO BOOST', 

RP2=2.01 EPST=.99 

V I N F l  

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

VINFZ BOOSTL 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

17088. 

17088.  

17088.  

17088.  

17088.  

17088.  

17088.  

EARTH TO 

NO BODST 

DEPART 

OEP L ARR L 

0.392 0.820 
0.355 0.710 
0.301 0.560 
0.238 0.439 
0.217 0.225 

0.399 0.838 
0.369 0.773 
0.338 0.675 
0.301 0.560 
0.238 0.479 

0.403 0.838 
0.382 0.799 
0.355 0.743 
0.320 0.675 
0.301 0.560 

URANUS ORBITER 

LAUNCH TO PARKING 

HIGH A R R I V E  HIGH 

PBAR C T POW V I N F l  VINFZ 

0.0990 93.0 22931. 1.5 2.0 
0.1059 60.3 22931. 3.0 4.0 
0.1324 47.6 22931. 4.5 6.0 
0.1734 40.7 22931. 6.0 7.5 
0.2949 37.2 22931. 6.5 10.5 

0.0774 101.6 25460. 1.0 1.5 
0.0735 66.5 25460. 2.5 3.0 
0.0833 52.0 25460. 3.5 4.5 
0.1013 44.1 25460. 4.5 6.0 
0.1170 39.4 25460. 6.0 7.0 

0.0637 109.6 27958. 0.5 1.5 
0.0570 72.2 27958. 2.0 2.5 
0.0591 56.4 27958. 3.0 3.5 
0.0650 47.6 27958. 4.0 4.5 
0.0785 42.2 27958. 4.5 6.0 

TC TH ETA 

0. 653. - 7 4 9  

0. 785. .765 

0. 909.  - 7 7 6  

0. 1024. .785 

0. 1127.  .791 

0. 1 2 1 6 -  - 7 9 6  

0. 1291. - 8 0 1  

TC TH 

0.0 1600. 
0.0 1600. 
0.0 1600. 
0.0 1600. 
0.0 1600. 

0.0 1800. 
0.0 1800. 
0.0 1800. 
0.0 1800.  
0.0 1800. 

0.0 2000. 
0.0 2000. 
0.0 2000. 
0.0 2000. 
0.0 2000. 

ETA 

.E18 

.787 

.756 

.729 
- 7 1 1  

.e22 

.796 
- 7 6 9  
.744 
- 7 2 3  

- 8 2 4  
- 8 0 3  
.779 
.757 
- 7 3 6  

E x a m p l e  8. 
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TARGET='SATURN't 
LAUNCH-PARK I 
OEPART=LOW t 

ARRIVEZHIGH T 

TIME=1000.r 12OO.t 1400.r 1600e, 
ALPHA=20.7 30.1 40.- 
TIMEON=10000. t 

PRINTzGRAPHt 
YMAX=7000., YMIN=O.Ot * 

D-8 

MOOE=OR81TT 
BIRO='TITAN3F 1 ,  

RP1=1.05 t 

RP2=2r01 EPST=.9r 
2OOO.t 2600.i NT=6r 

POWER=200.i 
NA=3. 

NAME='MASCY@, 
XHAX=Z 600., XMIN=1000., 

TIME ALPHA 

1000. 20.0 
1000. 30.0 
1000. 40.0 

1200. 20.0 
1200. 30.0 
1200. 40.0 

1400. 20.0 
1400. 30.0 
1400. 40.0 

1600. 20.0 
1600. 30.0 
1600. 40.0 

2000. 20.0 
2000. 30.0 
2000. 40.0 

2600. 20.0 
2600. 30.0 
2600. 40.0 

EARTH TO SATURN ORBITER 

TITAN3F LAUNCH TO PARKING 

DEPART LOW ARRIVE H IGH 

PAYLOAD MUP MUW MLE OEPL ARRL POWER C T POW V I N F l  VINFZ BOOSTL TC TH ETA 

1284. -582 -234 .167 1.000 0.451 200.0 40.3 15414. 0.0 8.5 17088. 0. 917. -727 
557. .516 .351 .118 1.000 0.278 200.0 43.4 15536. 0.0 11.5 17088. 0. 906. e741 
159. -450 .468 .Ob8 1.000 0.136 200.0 47.1 15675. 0.0 14.5 17088. 0. 893. -755 

2391. e516 e234 .234 1.000 0.597 200.0 47.6 18319. 0.0 6.0 17088. 0. 1092. e756 
1338. .461 .351 .174 1.000 0.451 200.0 50.8 18450. 0.0 8.5 17088. 0. 1080- e766 
586. .407 -468 -113 1.000 0.305 200.0 54.6 18598. 0.0 11.0 17088. 0. 1067. e776 

3417. -455 .234 .297 1.000 0.674 200.0 55.2 21230. 0.0 4.5 17088. 0. 1264. -777 
2173. -413 -351 .224 1.000 0.569 200.0 58.4 21360. 0.0 6.5 17088. 0. 1252. ~783 
1153. ,371 .468 .150 1.000 0.451 200.0 62.1 21506. 0.0 8.5 17088. 0. 1239. a790 

4291. .393 .234 .361 1.000 0.696 200.0 64.1 24183. 0.0 4.0 17088. 0. 1430. -793 
2936. -373 .351 .264 1.000 0.650 200.0 66.0 24263. 0.0 5.0 17088. 0. 1423.  -795 
1740. -333 -468 ,189 1.000 0.540 200.0 70.3 24438. 0.0 7.0 17088. 0. 1407. -801 

5610. -319 -234 -438 1.000 0.750 200.0 80.2 30013. 0.0 2.5 17088. 0. 1762. -810 
4144. -301 -351 -339 1.000 0.716 200.0 82.7 30119. 0.0 3.5 17088. 0. 1753- a812 
2761. -275 -468 .249 1.000 0.650 200.0 87.0 30298. 0.0 5.0 17088. 0. 1737. .a14 

6844. .241 -234 -518 1.000 0.773 200.0 105.8 38817. 0.0 1.5 17088. 0. 2244. -823 
5315. ,227 -351 ,415 1.000 0.750 200.0 109.1 38964. 0.0 2.5 17088. 0. 22320 e824 
3828. -220 -468 -305 1.000 0.734 200.0 111.0 39047. 0.0 3.0 17088. 0. 2224. e825 

TITAN3F LAUNCH TO PARKING 
LOW THRUST ESCAPE 

HIGH THRUST CAPTURE RP2= 2.0 ECC=.90 
POWER= 200. KWE THRUST TIME UPPER LIMIT=lOOOO.HOURS 

N 
E 
T 

S 
P 

! 
E 

R 
A 
F 
T 

M 
A 
S 
S 

K 
G 

3000. 

FIGURE 
MISSION TIME, OAYS 

09/16/69 MASCY 
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E-] 

000 1 
0002 
0 0 0 3  
0004 
0005 
0006 
0007 
0008 
0009 
0010 
0011 
0012 
0013 
0014 
0 0 1 5  
0016 
0017 
0 0 1 8  

0 0 1 9  
0020 
0021 
0022 
0 0 2 3  

0 0 2 4  
0025 
0026 
0027 
0 0 2 8  
0029 
0030 
0031 
0 0 3 2  
0033 
0034 
0 0 3 5  
0036 
0 0 3 7  
0 0 3 8  
0039 
0040 
0041 
0042 
0043 
0044 
0 0 4 5  
0046 
0047 
0048 
0 0 4 9  
0 0 5 0  
0 0 5 1  
0 0 5 2  
0 0 5 3  
0 0 5 4  
0 0 5 5  
0056 
0 0 5 7  
0 0 5 8  
0059 
0060 
0061 
0062 
0 0 6 3  
0064 
0 0 6 5  
0066 
0067 
0068 
0069 
0070 
0071 
0 0 7 2  
0073 
0074 
0 0 7 5  
0076 

APPENDIX E - PROGRAM LISTINGS 

C MPXO4F1 MAIN CONTROL PROGRAM FOR BUICKLY ANALYZING LW THRUST MISSIDWS 
C 
C 

LOGICAL M O D E ~ F L Y B Y ~ O R B I T I A R R I V E ~ D E P A R T I ~ ~ G H ~ L O W  
LOGICAL LAUNCH~ESCAPE~PARKIHATCH~ SPHERE, ASYMPT 
LOGICAL ENERGYIATOMICISDLAR 
INTEGER OATAS GRAPH9 HELP 
OIMENSION B I R D I 4 ) r  V E H I K l 3 r l 3 )  
DOUBLE PRECISION XLAUNCrESCAPrPARKINvRENDEZ 
DOUBLE PRECISION XMODE9 ORBTR, FLBYI YLEVELT YHIGHI XLEVEL 
DOUBLE PRECISION XHIGHtYLOHt XLOW 
DIMENSION T1ZO)r  A L P H A I 2 0 ) r  T H I ( 2 ) r  F T H l 2 ) r  T T 0 1 2 ) t  T T C I Z )  
DIMENSION EPSTIZO) e POWERHIZO)~POHER120) 
DIMENSION N S C A L E l 5 ) r I M A G E l 8 0 0 )  0 U M M Y l l ) r  CHARl10)  

DIMENSION DATlZ) rNAHE13)  
DIMENSION V C 7 1 1 6 ) ~  P A Y 7 1 1 6 ) r  V C 1 1 6 ) r  PAYUP(16) 
DIMENSION HDMEl2~rTARGETl41~PLANlll~ 
DIMENSION B O Y l 3 r 3 r 2 )  
DATA NAME/*MASCY '/ 
DATA PLAN/'MERC"r"VENU'r'EART't 'MARS'r 'JUPI ' r 'SATU'r  

DATA BLANK/' '/ 
DATA OUMMY/'O'/ 
DATA N S C A L E / l r O i O i O r O /  
DATA C H A R / ' l ' r ' 2 ' ~ ' 3 ' ~ ' 4 ' 1 ' 5 " 6 ' r ' 7 " 8 ' r ' 9 ' 9 '  / 
DATA VEHIK/*ND B't'OOST"' ' t  'SATU'v'RNV '9' ' 9  

1 'S lC/ ' t 'S4B/ ' , 'CENT'~  ' S I C / ' r ' S 4 B  '1' ' 9  

2 'TITA"r"N3F/','CENT't 'T ITA 'v 'N3F 9,' 8 9  

3 ' I N P U ' r ' T  BD'r'OST ' 9  'SATU'9'RNV/ '~ 'CENT'.  
4 'SATU'r*RNI/'q'CENT', ' T I ~ A e r ' N 3 0 / ' r ' A G E N ' t  
5 'ATLA'.'S/CE'r'NTAU'r 'ATLA'r 'S/AG't ' fAlA ' 9  

6 'T ITA ' r 'N3D/ ' r 'CENT' /  
DATA ORBTR/'ORBITER ;/ 
DATA FLBY/ ' FLYBY / 
DATA RENDEZ/'RENOEZVU'/ 
DATA %HIGH/ ' HIGH * /  
DATA X L W /  r" LW ' / 
DATA YHIGH/ 0 H IGH / 
DATA Y L W /  8 LOW 8 / 
DATA ESCAP/*ESCAPE'/ 
DATA PARKIN/'PARKING'/ 
OATA B I R D / *  '/ 
DATA TARGET/# o /  
DATA HOME/'EARTH o /  
DATA BIRO/4HNO B94HOOST/ 
CALL DATEIDAT) 
DATA PAYUP/lQ*O,O/ 
DATA OATA~GRAPHIHELP/O~IIZ/ 
ORBIT=.TRUE. 
FLYBY=.FALSE. 
LOW=.TRUE, 
HXGH=,FALSE, 
ESCAPE=.TRUE. 
PARK=.FALSE, 
ATOHIC=.TRUE. 
SOLAR=,FALSE. 
ENERGY=ATWIC 
SPHERE=.TRUE. 
ASYHPT=, FAL SE, 
MATCH=SPRERE 
ARRIVE=HIGH 
N P e O  
NGRAIN=O 
DEPART=HIGH 
LAUNCH=ESCAPE 
MODE=FLYBY 
NBIRO= 1 
NPLANZ=O 
RP2=0.0 
GMEO*3% 86E4 
GE=.01981 
DISP=450. 
OINERT=O.O 
OSIGMA=,137 
AISP*300,0 
AINERT=B,O 
ASIGHA=.lO 
TC=8.64€4 
RA0=1.0/.01745329 
PY=180eO/RAD 
RGEO=6375,445 
EPSD=O.O 
WPLANT=35Or0 
POWERHII)=O,O 
POWERIl)=O.O 

DIMENSION TIMEIZO)  

1 'URAN'r 'NEPT', *PLUT'9'COME', 'EXTR'/ 
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0077 
0078 
0079 
0080 
0081 
0082 
0083 
0084 
0085 
0086 
0087 
0088 
0089 
0090 
0091 
0092 
0093 
0094 
0095 
0096 
0097 
0098 
0099 
0100 
0101 
0102 
0103 
0104 
0105 
0106 
0107 
0108 
0109 
0110 
0111 
0112 
0113 
0114 
0115 
0116 
0117 
0118 
0119 
0 1 2 0  

0121 
0 1 2 2  
0 1 2 3  
0124 
0 1 2 5  
0 1 2 6  
0 1 2 7  
0 1 2 6  
0 1 2 9  
0130 
0131 
0 1 3 2  
0 1 3 3  
0 1 3 4  
0 1 3 5  
0 1 3 6  
0137 
0 1 3 6  
0139 
0140 
0141 
0142 
0143 
0144 
0 1 4 5  

E-2 
ALPHA( l )= l .O 
PPK=O.O 
WE JECT=O. 0 
TANK=.03 
L = l  
EPST(L)=O.O 
0=16.0 
B=.842 
NT=1 
NA= 1 
NET=1 
NU=1 
NP=1 
NC=3 
NR=O 
J P = l  
AZERO=.5E-6 
AFINALz1.E-6 
XMIN = 0.0 
YMIN=O.O 
XHAX=3200.0 
YMAX=70E3 
NHL=7 
NSBH=5 
NVL=8 
NSBV=lO 
TIMEON=9999999. 
RTx.4 
VA=O.O 
VB=O.O 
SKIPA=1.0 
SKIPB=l.O 
DO 2 M B t l t 1 6  

2 VClMB)=7.75 + HB*3 
DELV1=.5 
DELV2=.5 
RP131.05 
I PR INT=O 

1 I F I A L P H A l l )  .EQ. 0 .0 )  GO TO 5 
WRITEl6,1002)  

1002 FORMAT1 1H1)  
5 MPLANZ=NPLPNZ 

MB IRD=NB I R D  
6 CALL INPUT(6HNT vNT r6HNA ,NA .6HD ,D , 

l 6 H T I M E  ,TIME t6HALPHA ,ALPHA r 6 H R P l  r R P l  16HRP2 rRP2 ., 
26HHOME ,HOME t6HLOW ,LOW t6HMODE ,MODE r6HFLYEY ,FLYBY 
36HDREIT ,ORBIT r6HHIGH ,HIGH t 

~ ~ H A R R I V E I A R R I V E I ~ H D E P A R T ~ D E P A R T ~ ~ H T A R G E T , T A R G E T , ~ H E P S D  rEPSD 9 

A6HEPST rEPST r6HPRINT t IPRINTt6HNET ,NET t 6 H E  16 9 

B6HDELVl t D E L V l  r6HDELV2 tDELV2 t6HOISP r D I S P  t6HAISP t A I S P  9 

0 6 H D S I G M A ~ D S I G M A i 6 H A S I G M A ~ A S I G M A ~ 6 H E I R D  ,BIRD ~~HLAUNCHILAUNCHI 
E 6HESCAPEvESCAPEv6HPARK ,PARK r6HPPK tPPK 
F6HVA ,VA r6HVE tVE t6HVC rVC t6HPAYUP tPAYUP 
G6HW PLANT I W PLANT 9 6HW E J ECTI W  E JECT 6H POW ER 
H M N P  ,NP 9 6HYMAX tYMAX t6HANGLE ,ANGLE 
I6HXMAX tXMAX 96HNHL rNHL t6HNSEH rNSEH r6HNVL tNVL 
J6HNSEV tNSEV t6HXMIN t X M I N  ,6HYMIN ,YMIN .6HTANK ,TANK 
K 6 H S K I P l  t S K I P A  r6HSKIP2  r S K I P E  r 6 H E N E R G Y t E N E R G Y t b H T I M E O N t T I M E O N t  
L6HDINERT,DINERTt6HAINERT~AINERT,6HNAME ,NAME ,6HDATA ,DATA , 
M6HGRAPH ,GRAPH 16HHELP *HELP r6HMATCH ,MATCH *6HSPHERE,SPHERE, 
N ~ H A S Y M P T , A S Y M P T I ~ H A T O M I C , A T O M I C ~ ~ H S O L A R  ,SOLAR 1 

I POWERH I 6HNW 7 NW 9 

I F ( A L P H A ( 1 )  .EQ. 0.0) GO TO 7 
WRIT E ( 69 100 1 1 

1001 FORMAT(1H / / )  
7 DO 3 K=l.NT 
3 T ( K ) = T I M E ( K )  

IF (PAYUP(2 )  .EQ. 0.0) GO TO E 
DO 4 ME= l , l 6  
VC7(ME)=VC(ME) 

4 PAY7(ME)=PAYUP(ME) 
GO TO 11 

E OD 9 M E = l t 1 6  
VC7(ME)=VC(ME) 

9 PAY7(ME)=PAYUP( l )  
11 CONTINUE 

I F ( V A  .NE. 0.0) OELVl=O.O 
I F ( V 6  .NE. 0.0) DELVZ=O.O 
CALL PLOTl(NSCALE,NHLvNSBH,NVL,NSEV) 
CALL PLOT2(IMAGEtXMAX,XMIN1YMnX1YMAXvYMINv800) 
S K I P l = S K I  PA 
SKIPZ=SKIPE 
ARRML= 1.0 
DEPML=1.0 
XMUL=1.0 
XMUW=O.O 
TIMON=TIMEON/24. 
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0146 
0 147 
0 148 
0149 
0150 
0151 
0152 
0153 
0154 
0 1 5 5  
0156 
0 1 5 7  
0158 
0159 
0160 
0161 
0162 
0163 
0164 
0165 
0166 
0167 
0168 
0169 
0170 
0171 
8172 
0173 
0174 
0175 
0176 
0177 
0178 
0179 
0180 
0181 
0182 
0183 
0 1 8 4  
0 1 8 5  
0186 
0187 
0188 

0189 
0190 
0191 
0192 
0193 
0194 
0195 

0196 
0197 
0198 

0199 

0200 
0201 
0202 
0203 
0204 
0205 
0206 
0207 
0208 
0209 
0210 
0211 
0212 
0213 
02 14 
0215 
0216 
0 2 1 7  
0218 

0219 
0220 

0 2 2 1  

IFILAUNCH) OEPART=HIGH 
XLAUNC=PARKIN 
IF ILAUNCH) XLAUNC=ESCAP 
XMOOE=FLBY 
IFlMOOE)XMOOE=ORBTR 
YLEVEL=YHlGH 

E-3 

IF (0EPART)  YLEVEL=YLOW 
XLEVEL=XHIGH 
I F I A R R I V E )  XLEVEL=XLOW 
IF(DEPART) SKIPl=O.O 
IF(ARR1VEI  SKlPZ=O,O 
DO 10 N P L A N I = l t l l  
I F  (HOMEIl).EQ.PLANlNPLANl)) GO TO 20 

10 CONTINUE 
15 W R I T E 1 6 r 1 6 1  
16 FORMAT(ZXI~~HINPUT PLANET SPELLED INCORRECTLY) 

GO TO 1 
20 DO 30 N P L A N Z = l t l l  

I F  lTARGETll).EQ.PLAN(NPLAN2)) GO TO 40 
30 CONTINUE 

GO TO 15 
40 CONTINUE 

IFlNPLANZ.EQ.10 .OR. NPLAN2 .EQ. 11) GO TO 41 
GO TO 42 

XMOOE=RENOEZ 
41 MOOE=FLYBY 

42 CONTINUE 
DO 433 N B I R D = l r l 3  
DO 438 JW=1.3 
IF(BIROlJW).NE. VEHIK lJW*NBIRD))  GO TO 433 

438 CONTINUE 
GO TO 435 

WRITE1694361 

GO TO 1 

433 CONTINUE 

436 FORHATlZXt34HINPUT BOOST VEHICLE NOT I N  STORAGE) 

435 IF~MPLAN2~EQ.NPLAN2.ANO~MBIRO.EQ~NBSRD.~NO~ALPHA~l~ .EQ. .O~GOTO2OO4 
2005 W R I T E l 6 r 2 0 0 0 )  HOMEtTARGETtXMODE 
2000 FORMATIIH , 4 0 X t 2 A 4 9 Z X t 2 H T O t 4 X 1 4 A 4 t 2 X t A 8 / )  

2040 FORMAT(1H t 4 5 X t 4 A 4 t Z X t l Z H L A U N C H  TO * A B / )  
W R I T E l 6 t 2 0 4 0 )  BIRDtXLAUNC 

I F  (MODE) GO TO 2002 
W R I T E l 6 r 2 0 0 1 )  YLEVEL 

2001 FORMATIlH r50Xv6HOEPARTt3XtA8/ )  
GO TO 2011 

2002 W R I T E ( 6 r 2 0 0 3 )  YLEVELtXLEVEL 
2003 FORMhT(1H r45Xt6HDEPARTt3XtAEr  ~ X ~ ~ H A R R I V E ~ ~ X I A ~ / )  
2011 IF(NBIRO.NE.1) GO TO 2030 

WRITE (692009 1 
2009 FORMATIlH ~ ~ H T I M E ~ ~ X ~ ~ H A L P H A I ~ X I ~ H P ~ Y L O A O , ~ X ~ ~ H M U P , ~ X ~ ~ H M ~ ~  

13Xt3HMLEt3Xt5HOEP L tZXt5HARR L t  
Z ~ X S ~ H P B A R ~ ~ X * ~ H C ~ ~ X ~ ~ H T  POWr2X+5HVINFlr2Xt5HVINFZ* 
2 3XtZHTC94X,ZHTHt4Xt3HETA/ )  

GO TO 2004 
2030 W R I T E l 6 r 2 0 3 1 )  
2031 FORMAT(1H t4HTIMEt2Xt5HALPHA12XI7HPnYLOAOt3Xt3HMUPtZXt3HMUWt 

lZX .3HMLEtZXt4HOEPL9ZXt4HARRLt  
Z Z X . ~ H P O W E R ~ ~ X I ~ H C ~ ~ X V ~ H T  POWtZXt5HVINFlt2Xt5HVINF2t2Xt&iBOOSTLt 
2 3X,2HTCt2X,ZHTH,5Xt3HETA/)  

2004 CONTINUE 

K= 1 
2016 J P = l  
2014 J = l  
2013 L = l  
2015 TOTALl=O.O 

C *******Lt****+*+*****9*+********9************~******~****************~*ANALYSES 

PAYSUM=10.0 
TLVl=O.O 
VINFl=VA 
VINFZ=VB 
OMESH=Z.O 

2012 A2=RPZ/Il.O-EPSTlL)) 
A1=RP1/11.0-EPSO) 
IF IDEPART)  SKIPl=O.O 
I F I A R R I V E )  SKIPZ=O.O 

2044 NPASS=O 
2045 IF(VINF1.LT.O.O) GO TO 7 2 6  

IFlVINFZ.LT.O.0) GO TO 728 
2050 IF IMATCH)  NPASS=10 

CALL OPART l O E P A R T ~ H I G H t L O W ~ O I S P t G E t E P S O t R A O ~ O S I G M ~ ~  
l R G E O ~ G M E O ~ R P l ~ O E P H L ~ P ~ Q l t X J O B A R t D M ~ T D B A R t A l ~ V I N F l t B ~  
2 LAUNCHtNBIRDtBDOSTL,VC7.PAY7,DINERT) 

I F  (MODE)  GO TO 203 
202 CALL FLYBUY INPLANZrTHBAR*THPBARtPTKt 

1 H A ~ H B ~ H C ~ V I N F 1 ~ O E L V 1 1 A N G L E ~ G M E O ~ A Z E R O ~ V A S S l ~ S K I P l ~ ~ P A S S ~ E N E R G Y ~  
Q2=1.0 
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0222 
0223 
0224 
0225 
0226 
0 2 2 7  

0228 

0229 
0230 
0231 
0 2 3 2  
0233 

0234 

0235 
0236 
0237 
0238 
0239 
0240 
0241 

0 2 4 2  
0 2 4 3  
0 2 4 4  
0 2 4 5  
0246 
0247 
0248 
0249 
0 2 5 0  
0 2 5 1  
0 2 5 2  
0253 
0254 
0 2 5 5  
0256 
0 2 5 7  
0 2 5 8  
0 2 5 9  
0 2 6 0  
0261 
0 2 6 2  
0 2 6 3  
0 2 6 4  
0 2 6 5  
0 2 6 6  
0 2 6 7  

0 2 6 8  
0269 
0270 
0271 
0272 
0273 
0274 
0 2 7 5  
0 2 7 6  
0277 
0278 
0279 
0280 
0281 
0282 
0 2 8 3  
0284 
0 2 8 5  
0 2 8 6  
0287 

0288 
0 2 8 9  
0 2 9 0  
0291 
0 2 9 2  
0293 
0294 
0 2 9 5  
0 2 9 6  
0297 
0 2 9 8  

E-4 Q=O.O 
CM=O.O 
TC BAR=O. 0 
XJCBAR=O.O 
GO TO 114 

2 0 3  CALL ORBITR INPLANZ, THBARv THPBAR, PTK* GMr RG, 
1 H A ~ H B ~ H C ~ V I N F 1 ~ V I N F 2 ~ O E L V l ~ O E L V 2 ~ A Z E R O ~ A F I N A L ~ V A S S l ~ V A S S Z ~  
2 S K I P l , S K I P 2 , N P A S S * G M E O I E N E R G Y l  

1 XJCBAR, CM. GM, EPST, TLTSI ,  AISP, GE, 
2 A S I G M A * R P ~ . A ~ , A R R M L I V I N F ~  PLIRGIB) 

3333 CALL ARRIV (ARRIVEvNPLANZr PvQ*Ql*QZ*TCBAR, 

114 AZUSED=AZERO 
AFUSED=AFINAL 
I F I I P R I N T  .EQ. 21 GO TO 113 
GO TO 1 1 2  

113 WRITE(6,9998) N P A S S ~ V I N F 1 ~ V I N F 2 ~ T O T A L L ~ B O O S T L ~ A L P H A l J l ~ A R R M L ~  

9998 F O R M A T ( 2 X , I 2 ~ 2 X ~ 2 F 5 . 2 ~ 2 X , 2 F l O . 4 ~ 2 X ~ l F 4 . 1 ~ 2 X ~ 2 F 7 . 5 ~ 2 X , 2 F 8 . 5 ~ 2 X ,  
1 XMUL,VASSl ,VASSZiAZERO,AFINAL 

12F15.101 
112 IF(OEPML.LE.O.0) GO TO 720 

IF IARRML .LE. 0.01 GO TO 722 
IFIBOOSTL .LE. 0.0 .AND.MOOE .AND. .NOT. ARRIVE) GO TO 621 
IF(8OOSTL .LE. 0.0) GO TO 724 
IF (BO0STL .LE. WEJECT .ANO.MOOE .AND. .NOT. ARRIVE) GO TO 621 
IF(BOOSTL.LE.WEJECT) GO TO 718 
IF(ALPHA(J).EQ.O.O) GO TO 690 

116 

120 

122 

128 

DO 120 Nx l .2  
I F I T H I 1 N )  .LE. 0.0) GO TO 716 
PART1=EXPlHA)*THI(Nl**lHB+HC*ALOG~THI(Nll-l~O~ 
PART4=2.0*HC*ALOG(THI(Nll 
P A R T 5 = 1 . O / ( ( P A R T 4 + H B I * P A R T l l  
TTO(Nl=P*ABSlPART2*PART5)**PART6 
TTC(N)=Q*ABS(PART3*PART5l**PART7 
FTH(N) = T ( K )  - TTD(N) - TTC(N1 
T H I I Z )  = FTH(11 
CONTINUE 
I F  (P.EQ.O.O.AND.P.EQ.O.01 GO TO 128 
I F  I T H I ( Z ) . E Q . T H I ( l l )  GO TO 1 2 9  

TH = ( F T H ( 1 1  - E M M * T H I I l ) l  / (1. - EMMI 
TH=ABS(TH) 
I F ~ A B S ( 1 ~ - ~ T H / T H I ( 1 l ) ) - . 0 0 0 1 )  124,124,122 
CONTINUE 
T H I  (1 )=TH 
GO TO 116 
T H I l Z ) = T ( K l  
TH=THI (2) 

EMM = ( F T H I Z )  - F T H I 1 ) )  / ( T H I ( 2 )  - T H I ( 1 ) )  

129 

124 TO = TTO(21 
TCAP=TTC(Zl 
VARYJ=.0001667*(ALPHA(J) - 5.01 
IFCSKIP  .EQ. 0.0 1 VARYJ=O.O 
XJH=EXP(HA+H8*ALOGlTH)+HC*ALOG~TH)+nLOG(THl~ 
XJH=XJH*(l.O + XJHWARYJ) 
THP=THPBAR*ITH/THBAR)**PTK 
THP=THP*(l.O + XJH*VARYJ)**(1/31 
TP= TD + THP + TCAP 
XJD = 0. 

C *++****t********S*O********************** COMPUTATION TO, TC, TH, TP 

IF(P.EQ.O.0) GO TO 130 
131 XJD=XJDBAR*( (TD/TDBAR)**OM) 
130 XJC=O. 

IF(Q.EQ.O.0) GO TO 1 3 5  
134 IF (TCAP .LE. 0.0) GO TO 133 

XJC=XJCBAR*( (TCAP/TCBAR)**CM)  
GO TO 135 

XJC-0.0 
133 TCAP=O.O 

1 3 5  XJMIN = XJO + XJH + XJC 

136 GAMMA = SQRT(ALPHA(J)*XJMIN / 2000.1 
C . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  SYSTEM ANALYSIS 

GAMMAZ=GAMMA*GAMMA 
Z=B*(l.O + TANK1 + (GAMMA2*D*Dl/(.0864*XJMIN*TP) 
I F I ~ G A M M A / ~ Z * * 0 . 5 ~ ~ . G T . 1 . 0 1  GO TO 648 
XMUl = 1. - GAMMA / (2*+0.5) 
C = S Q R T ( O . O 8 6 4 * X J M I N * T P / G A M M A 2 * Z * X M U l )  
XMUW=Z.O+GAMMA/E*Z*r.5 - GAMMA*(l.O+TANKI/Z+*.5 - GAMMA2/B 
ETA=B/l1.0 + lD/C)**Z)  
AZERO=Z.E-3*XMUW*ETA/ IALPHA(J)*C)  
AFINAL=AZERO/XMUl 
TERMA= l.O-AZERO*TP+8.66E4/C 
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0299 
0300 
0301 
0302 
0303 
0304 
0 3 0 5  
0306 
0307 
0308 
0309 
0310 
0311 
0312 

0313 
0314 
0315 
0316 
0317 
0318 
0319 
0320 
0321 
0322 
0323 
0324 
0325 
0 3 2 6  
0327 
0328 
0 3 2 9  
0330 
0331 
0332 
0333 
0334 
0335 
0336 
0337 
0338 
0339 
0340 
0341 
0342 
0343 
0344 
0345 
0346 
0347 
0348 
0349 
0350 
0351 
0352 
0353 
0354 
0355 
0356 
0357 
0358 
0 3 5 9  
0360 
0361 
0362 

0363 
0364 
0365 
0366 
0367 
0368 
0369 
0370 
0371 
0372 
0373 
0374 
0375 
0376 
0377 
0 3 7 8  
0379 
0380 
0 3 8 1  
0382 

137 

5 0 1  

5 0 5  

510 

51  5 

5 1 6  

IFITERMA .LE. 0.01 GO TO 648 
TERMB=l1~0-SQRTlTERMA~l**2 
TERMC=AZERO*lTlKl-TPJ*lRT/Cl*ALOGlTERMAl*8~64E4 
CL=lC*C/AZERO)*ITERMB-TERMC) 
AOPT=AZERO 
CLOPT=CL 
TOPT=TP 
I F l P O W E R H I l l  .NE. 0.0 .AND. PPK .EQ. 0.01 GO TO 137 
IFlNPASS.LE.2) GO TO 2050 
XMUL = 1. - 2~*GAMMA*lZ**Oe51/B + lGAMMAZ/B) 
GO TO 651 

TOTALL=.00001 + .00001* lV INF1 + V I N F Z I  
GO TO 630 

WPLANT =ALPHAIJ)*POWERHlJP) 

E-5 

648 I F I P  .EQ. 1.01 GO TO 650  

C +0*+0****+*4;*******4i***irt*it**;PS+*,** SPECIFIED POWERPLANT 

XMWsWPLANT / I  I BOOSTL-WEJECTl*DEPML I 
IFIXMUW .GT. 1.0) GO TO 712 
GAMMA2=ALPHAlJl*XJMIN/2OOO. 
CCA=.5 + .5*GAMMA2/lB*XMUW) 
MT=O 
CCB=B*B*XJMIN*TP*.O86%*XMUW*XMUW/lGAMMA2*GAMMA2) 
MT=MT + 1 
CCD=D*D/ICCA*CCA*CCB) 
IFlCCD.GT.1.01 GO TO 648 
CSPUA =CCA*CCB*(l.O + SPRT(1.0-CCD)) 
I F l C S Q U A ~ L T . l O * D l ~  GO TO 648 
CSPUAR=CSQUA-lD*D) 
C=SQRTlCSQUARl 
ETA=B/Il.O + lD/C1**21 
AZERO=2.E-3*XMUW*ETA/lALPHA(J)*Cl 
CL=CLOPT*l.9 + . l* lAOPT/AZERO)) 
TERMA= 1.0-AZERO*TP*8. 64E4/C 
IF ITERMA .LE. 0.0) GO TO 648 
IFITP.EQ.TlK1) GO TO 516  
TERMB=l1.0-SPRTlTERMAll**2 
T E R M E = - C * l 1 . - S Q R T l T E R M A ~ l * 8 . 6 4 E 4 / S P R T ( T E R M A l  
TERMG=ALOGlTERHAl + l T l K ) - T P 1 * A Z E R O * 8 . t k E 4 / l C * T E R M A l  
TERHD=TERME-TERMG*RT*C*8.64E4 
TERMH=lTlKl-TPl*ALOGlTERMA) 
TERMF=CL-lC*C/AZERO)*TERMB + TERMH+RT*C*8*64E4 
TPl=TP - TERMF/TERMD 
I F I S K I P  .Ea. 0.01 GO TO 650 
I F l A B S l 1 ~ - T P 1 / T P l  .LE. .0011 GO TO 5 1 0  
TP=TPl  
I F I T P  .GT. T I K I I  T P = T l K l  
GO TO 5 0 5  
I F I M T  .GT. 1 1  GO TO 515 
TP=TPl  
GO TO 501 
ETA= B / 11. + lD/C)**2)  
RZERO=2.E-3*XMUW*ETA/lALPHAIJ)*C) 
AFP=AZERO 
TP=TPl 
TERMA= 1.0-AZERO*TP*8.64E4/C 
IF ITERMA .LE. 0.01 GO TO 648 
TERMB=(l.O-SQRT(TERMA))**Z 
TERMC=AZERO*lTlKl-TPl*lRT/Cl*ALOGlTERMAl*8.64E4 
AFINAL=AZERO/TERMA 
CL=lC*C/AZERO)*lTERMB-TERMCI 
CLFP=CL 
TPFP=TP 
I F I T I M O N  .LE. TP)  GO TO 5 2 0  
IFlNPASS.LE.21 GO TO 2050 

520 

521 

52 5 

5 30 

535 

C=C*TIMON/TP 
ETA=B/I l .  + ID/C l * *Z)  
AZERO=2.E-3*XMUW*ETA/lALPHAlJ)*Cl 
CL=CLFP*l.85 + .15*(AFP/AZEROl*lTIMON/TPFPll 
TP=TIMON 
MTT=HTT + 1 
CCL=C 
MTTT=O 
MTTT=MTTT + 1 
ETA=B/ I l .  + IO/C)**21 
CD=C*C + D*D 
ZA=ZeE-3*XMUW*B/ALPHA(J1 
TERMMZ1.0 - TP*ZA*8,64E4/CD 
IFITERMM .LE. 0.01 GO TO 648 
TERMR=(l. - SQRTlTERMM))**2 
FOFC=CL - CO*C*TERMR/ZA + RT*8.64E4*C*(TIK)-TP)*ALOGlTERMM) 
TERMN=-13,0*C*C + O*O)*TERMR/ZA 
TERMO=-2.*C*C*TP*8.64E4*ll.O-l.O/SQRTlTERMM~~/CO 
TERMS=C*C*8.64E4*TP*2.O*ZA/ lTERMM*CDCo)  
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0383 
0 3 8 4  
0385 
0386 
0387 
0388 
0 3 8 9  
0 3 9 0  
0391 
0392 
0393 
0394 
0395 
0396 
0397 
0398 
0399 
0400 
040 1 
0402 
0403 
0404 
0405 

0406 
0407 
0408 
0409 
0410 
041 1 
0412 
0413 
0414 
0 4 1 5  
0416 
0417 
0418 
0419 
0420 
0421 

0422 

0423 

0424 

0425 
0 4 2 6  
0427 
0428 
0429 
0430 
0431 
0432 
0433 
0434 
0 4 3 5  
0436 
0437 
0 4 3 8  
0439 

0440 

0441 
0442 

0443 
0444 
0445 
0446 
0447 
0448 
0449 
0450 
0 4 5 1  
0452 
0 4 5 3  
0 4 5 4  
0455 
0456 
0457 

0458 
0459 

5 40 

555 

TERMQ=ALOGlTERMM) + TERMS E-6 
TERMP=RT*8.64E4*lTlKl-TPl*TERMB 
FDOTC=TERMN + TERM0 + TERMP 
CCl=C - FOFC/FDOTC 
I F l A B S l 1 .  - C C l / C l  .LE. -001) GO TO 5 4 0  
c=cc1 
I F I C  .LT. 0) GO TO 648 
GO TO 530 
c=cc1 
E T A = B / l l .  + lO/C l * *2)  
ABEFOR=AZERO 
AZERO=Z.E-3*XMUW*ETA/lALPHAlJ)*Cl 
CL=CLFP*(.85 + .15*(AFP/AZERO)*lTIMON/TPFPl) 
IFlABSl1.-AZERO/ABEFOR~ .LE. .0011 GO TO 5 5 5  
GO TO 5 2 5  
ETA=B/ l l .  + lO/C)**Z) 
AZERO=2.E-3*XMUW*ETA/lALPHAlJl*Cl 
CL=CLFP*l.85 + .15*lAFP/AZERO)*lTIMON/TPFPll 
XMU1=1. - AZERO*TP*8.&E4/C 
I F l X M U 1  .LE. XMUW) GO TO 648 
AFINAL=AZERO/XMUl 
IF INPASS .LE. 21 GO TO 2050 
GO TO 650 

C . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  SYSTEM PARAMETERS 
650 ETA = B / 11. + (D /C) * *21  

651 ETA = B / (1. + l D / C ) * * Z )  

XMU1=1. - AZERO*TP*8.&+E4/C 
XHUL=XMU1*(1.0+ TANK) - XMUW - TANK 

XMUP=1.0 - XMUl 
XMUT=TANK*XMUP 
TOTALL=OEPML*ARRML*lBOOSTL-WEJECT)+XMUL-AINERT 
IF(TOTALL.LE.O.01 TOTALL=.00001 + . 0 0 0 0 1 * l V I N F 1  + V I N F Z )  
1FlXMUL.LT. 0.0) GO TO 630 
PBAR=XHUW*DEPML* lB00STL-WEJECT~/ lALPHAlJ~*TOTALL~ 
POWERR=PBAR+TOTALL 
IFlPPK.EQ.O.0) GO TO 630  

628 ALPHAC=WPLANT *POWERR**PPK 
I F l A B S ( 1 ~ 0 - A L P H A l J ) / A L P H A C ) - - O O O l O O )  6301630,629 

629 ALPHAlJl=ALPHAC 
GO TO 124 

C t**O*****~+******t********************* HYPERBOLIC VELOCITY OPTIMIZATION 
630 IFlP.EQ.l.O.AND.Q.EQ.l.0~ GO TO 700 

C CARO 630 SCREENS FOR ORBITER LOW-LOW 
631 IF IMODE)  GO TO 610 

C CARO 631 SCREENS FOR ORBITERS 
632 IFlP.EQ.1.01 GO TO 700 

C CARO 6 3 2  SCREENS FOR FLYBY LOW DEPART 
6 0 5  I F l A B S l 1 . 0 - T O T A L 1 / T O T A L L ) ~ L E . . 0 0 0 0 2 )  GO TO 660 

IFITOTALL-TOTAL1) 602,660,600 
600 TOTALl=TOTALL 

VINFl=VINFl+OELVl*DMESH 
AZ=AZUSED 
AF=AFUSEO 
ALPHAX=ALPHAlJ) 
GO TO 2050 

AZERO=AZ 
602 VINF1=VINF1-OELVl*OMESH 

AFINAL=AF 
I F I P P K  .NE. 0.0) ALPHAlJl=ALPHAX 
NPASS=2 
GO TO 2045 

610 IF lP.EQ.O.O.ANO.Q.EP.1~0~ GO TO 605 
C CARO 610 SCREENS FOR ORBITER HIGH-LOW 

611 I F I P ~ E Q . O . O . A N O . Q . E Q ~ O ~ 0 ~  GO TO 615 
C CARD 611 SCREENS FOR ORBITER HIGH-HIGH 

IF lABSl1.0-TOTAL1/TOTALL)~LE. .OOOO2) GO TO 660 
612 IFITOTALL-TOTAL11 613,660,614 

C CARD 612 HANDLES ORBITER LOW-HIGH 
614 TOTALl=TOTALL 

VINF2=VINF2+DELV2*OMESH 
AZ=AZUSED 
AF=AFUSEO 
ALPHAX=ALPHAlJl  
GO TO 2050 

AF INAL=AF 
AZERO=AZ 
I F I P P K  .NE. 0.01 ALPHAlJ)=ALPHAX 
NPASS=2 
GO TO 2 0 4 5  

615 IF(XHUL .LT. 0.0) GO TO 621 
I F l A B S l 1 ~ 0 - T L V 1 / T O T A L L  ).LE..00002IGO TO 619 
IFITOTALL-TLV11 6181619r620 

C CARO 615 I S  FOR ORBITER HIGH-HIGH FOR FIXED VINFZ 

613 VINF2=VINFZ-OELV2*OMESH 

620 V I N F l = V I N F l  + DELVl*DHESH 
TLVl=TOTALL 
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0 4 6 0  
0 4 6 1  
0 4 6 2  
0 4 6 3  
0 4 6 4  
0 4 6 5  
0 4 6 6  
0 4 6 7  
0 4 6 8  
04 69 
0 4 7 0  
0 4 7 1  

0 4 7 2  
0 4 7 3  
0 4 7 4  
0 4 7 5  
0 4 7  6 
0 4 7 7  
0 4 7 8  
0 4 7 9  
0 4 8 0  
0 4 8  1 
0 4 8 2  
0 4 8 3  
0 4 8 4  
0 4 8 5  
0 4 8 6  
0 4 8 7  
0 4 8 8  
0 4 8 9  
0 4 9 0  
0 4 9 1  
0 4 9 2  
0 4 9 3  
0 4 9 4  
0 4 9 5  
0 4 9 6  
0 4 9 7  
0 4 9 8  
0 4 9 9  
0 5 0 0  
0 5 0 1  
0 5 0 2  
0 5 0 3  
0 5 0 4  
0 5 0 5  

0 5 0 6  
0 5 0 7  

0 5 0 8  
0 5 0 9  
0 5 1 0  
0 5 1 1  
0 5 1 2  
0 5 1 3  
0 5 1 4  
0 5 1 5  
0 5 1 6  
0 5 1 7  

0 5 1 8  

0 5 1 9  

0 5 2 0  
0 5 2 1  

0 5 2 2  

0 5 2 3  
0 5 2 4  
0 5 2 5  
0 5 2  6 
0 5 2 7  
0 5 2 8  
0 5 2 9  
0 5 3 0  
0 5 3 1  
0 5 3 2  
0 5 3 3  
0 5 3 4  
0 5 3 5  

618 

6 1  9 

C 
62 1 

62 2 

6 60 

670 

E-7 
AZ=AZUSEO 
AF=AFUSEO 
ALPHAX=ALPHA(J) 
GO TO 2 0 5 0  
VINF1=VINF1-OELV1*OMESH 
AZERO=AZ 
AFINAL=AF 
I F ( P P K  .NE. 0.0) ALPHA(J)=ALPHAX 
NPASS=2 
GO TO 2 0 4 5  
I F ( A 8 S ~ 1 . 0 - T O T A L 1 / T O T A L L ~ ~ L E ~ . O O O O 2 ) G O  TO 6 6 0  
IF(T0TALL-TOTAL1) 622+660 ,621  

CAR0 6 1 9  I S  FOR ORBITER HIGH-HIGH WITH VARIATION ON VINFZ 
TOTALl=TOTALL 
V I N F l A = V I N F l  
VINFZA=VINFZ 
AZZ=AZ 
AF2=AF 
ALPHAY=ALPHA(J) 
VINFl=VINFlA-2.0*OELVl*CJMESH 
IF(VINFl .LE.VA) V INF l=VA 
VINFZ=VINFZ + OELVZ*OMESH 
AZERO=AZ 
A F I  NAL=AF 
TL V 1=0.0 
GO TO 2 0 4 4  
TLV l=TOTAL l  
V I N F l = V I N F l A  
VINFZ=VINFZA 
AZERO=AZZ 
AFINAL=AFZ 
I F ( P P K  .NE. 0.0) ALPHA(J)=ALPHAY 
NPASS=2 
GO TO 2 0 4 5  
IF(OMESH.EQ.1.0) GO TO 7 0 0  
OMESH=1.0 
TLVl=O.O 
TOTALl=O.O 
V INF l=V INF l -OELV l  
I F  (VINF1. LE.VA) V I N F  1=VA 
VINFZ=VINFZ-OELVZ 
IF(VINF2.LE.VB) VINFZ=V8 
GO TO 2 0 4 4  
POWERH(l)=POWERR 
POWER ( 1  )=1.0 
GO TO 2 0 1 5  

690 TOTALL=DEPML*ARRML*(BOOSTL-WEJECT)*XMUL-AINERT 
C BALL IST IC  SYSTEM PRINTOUT 

WRITE(69689)  T I K ) ~ T O T A L L ~ O E P M L ~ A R R M L I V I N F l r V I N F l ~ V I N F 2 ~ B O O S T L  
6 8 9  FORMAT(1H , F 5 . 0 1 7 X ~ F 1 0 . 3 r 1 5 X ~ F 5 . 3 1 1 X I F 5 . 3 ~ Z 5 X ~ F 4 . 1 ~ 3 X ~ F 4 ~ 1 ~ 2 X ~ F 7 ~ 0  

1 )  
PAYSUM=10.0 
GO TO 8 0 5  

7 0 0  IFIXMUL-LT.  0.0) GO TO 7 3 0  
IF(VINF1.EQ.O.O) VINFl=O.O 
IF(VINFZ.EQ.O.0) VINFZ=O.O 
IF~POWERH~1~.EQ.O.O.ANO.PPK.EQ.O.O.AND.TIMON.LE.TP~ GO TO 6 7 0  
IFIPOWER(1)  .Eo. 1.0) POWERH(l)=O.O 
TP=TP*24.0 
TOTALL=OEPML*ARRML*(BOOSTL-WEJECT)*XMUL-AINERT 

6 9 1  IF(BOOSTL.NE.1.0) GO TO 6 9 3  
C ***"****Cbi** l=Q** i*********$~*~*~*****~%C*****C************ i ** i~*  PRINT OUT 

692 

69 3 

69 4 

695 

8 0 5  

8 0 0  
8 0 1  
8 0 4  

WRITE(6 r  692)T(K) lALPHA(J)rTOTALL,XMUP,XMU~,J,XMUL,OEPML,ARRML, 

FORMAT(1H ~ F 5 . 0 ~ 2 X 1 F 5 . 1 , Z X , F 5 . 4 . 2 x I F 4 . 3 ~ 1 X ~ F 5 . 4 1 1 X ~ F 6 . 4 ~ 2 X ~ F 5 . 3 ~  
lPBAR,C,TP,VINFl,VINF2,TCAPvTH,ETA 

1 2 X 1 F 5 . 3 , 2 X , F 6 . 4 , 2 X ~ F 5 . 1 ~ 2 X ~ F 6 . 0 ~ 2 X ~ F 4 . 1 ~ 2 X ~ F 4 . 1 , 2 X ,  
2F5.1,1X,F5-O,ZX,F4.3) 

GO TO 695 
WRITE(6, 694)TIK)rALPHA(J)rTOTALL,XMUP~XMUW,XMUL,OEPML,ARRML, 

FORMAT(1H r F 5 ~ 0 ~ 1 X ~ F 5 ~ l r l X ~ F 7 ~ 0 ~ 2 X ~ F 4 ~ 3 ~ 1 X ~ F 4 ~ 3 ~ 1 X ~ F 4 ~ 3 ~ 1 X ~ F 5 ~ 3 ~  
lPOWERR,C~TP,VINF1~VINF2,BOOSTL,TCAP,TH,ETA 

l l X , F 5 ~ 3 r 2 X ~ F . 6 ~ 1 , 2 X ~ F 5 ~ 1 ~ Z X ~ F 6 ~ 0 ~ 2 X ~ F 4 ~ 1 ~ 2 X ~ F 4 ~ 1 ~ 2 X ~ F 7 ~ 0 ~ 2 X ~  
2F4.0,1X,F5.012X,F4.3) 

IPC=ALPHA(J)/10.0+.05 
8CO=CHAR ( I PC 1 
NOATA=l 
TPLOT=T(K) 
TLPLOT=TOTALL 
CALL P L O T ~ ( B C O I T P L O T ~ T L P L O T , N O A T A )  
L=L + 1 
IF(L.GT.NET) GO TO 801 
GO TO 2 0 1 5  
PAYSUM=-l.O 
L = l  
I F ( P P K  .NE. 0.0)  GO TO 8 0 7  
J=J + 1 
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0 5 3 6  
0 5 3 7  
0 5 3 8  
0 5 3 9  
0 5 4 0  
0541 
0 5 4 2  
0 5 4 3  
0544 
0 5 4 5  
0 5 4 6  
0547 
0548 
0549 
0550 
0 5 5 1  
0 5 5 2  
0 5 5 3  
0 5 5 4  
0555 
0 5 5 6  
0 5 5 7  
0558 
0559 
0 5 6 0  
0 5 6 1  
0562 
0 5 6 3  
0 5 6 4  
0 5 6 5  
0 5 6 6  
0 5 6 7  
0 5 6 8  
0 5 6 9  
0570 
0571 
0572 
0573 

0 5 7 4  
0 5 7 5  
0576 
0577 
0578 
0579 
0 5 8 0  
0 5 8 1  
0 5 8 2  
0583 
0 5 8 4  
0 5 8 5  
0586 
0 5 8 7  
0 5 8 8  
0589 
0590 
0 5 9 1  
0 5 9 2  
0 5 9 3  
0594 
0 5 9 5  
0 5 9 6  
0597 
0598 
0 5 9 9  
0600 
Ob01  
0 6 0 2  
0 6 0 3  
0 6 0 4  
0605 
0 6 0 6  
0607 
0608 
0609 
0 6 1 0  
0611 
0 6 1 2  
0 6 1 3  
0614 
0 6 1 5  
0 6 1 6  
0617 
0618 
0619 

802 
8 0 6  

803 
807 

809 

808 

302 
300 
3 04 
305 

306 
307 

308 
310 

323 

324 
31 5 

318 
319 

3 2 0  

311 

312 

313 
314 
317 

30 1 

322 
151  
712 
713 

716 
717 

718 
719 

720 
721 

722 
72 3 

724 
725 

726 
727 

728 
729 

730 
731 

E-8 
1FlJ.GT.NA) GO TO 802 
I F ( A L P H A ( J ) ~ G T ~ A L P H A l J - l ~ ~ A N O ~ P A Y S U M , C T . O ~ O l  GO TO 802 
GO TO 2 0 1 3  
J = l  
JP=JP + 1 
IFlJP.GT.NP) GO TO 803 
IF(POWERHlJP1 .GT. POWERHIJP-1) .AND. XMUW .GT.l.O) GO TO 803 
GO TO 2014 
JP=1 
K=K + 1 
I F I P P K  .NE. 0.0) ALPHA( l )= l .O 
IFlK.GT.NT1 GO TO 808 
I F l T I K ~ . L T ~ T l K - l ~ ~ A N D , P n Y S U M ~ L T ~ O ~ O ~  GO TO 808 
WRITE (6,809 I 
FORMATIlH 1 
GO TO 2016 
K= 1 
PAYSUM=10.0 
IFlIPRINT.EQ.1) GO TO 302 
GO TO 1 
W R I T E I ~ ~ ~ O O ) T A R G E T I X M O O E  
FORMATIlHl~451'*')r4A4~A8~301~*')) 
WRITEl6~305)BIRO,XLAUNC 
FORMATllX,4A4,2XillHLAUNCH TO yA8)  
IFILAUNCH) GO T O  3 1 8  
WRITEl6.306) YLEVEL 
FORMATIlXiA8,13HTHRUST ESCAPE) 
IF(.NOT.MOOE) GO TO 320 
WRITE16,3081 XLEVELIRP2,EPSTlL) 
FORMAT(lX,A8r14HTHRUST C A P T U R E , ~ X I ~ H R P ~ = ~ F ~ . ~ ~ ~ X ~ ~ H E C C = ~ F ~ . ~ )  
IFlPPK.NE.O.01 GO TO 311 
IFlPOWERHl1).EP.O.O) GO TU 3 1 3  
I F I T I M O N  .LE. T P )  GO TO 324 
WRITEl6,323) POWERHIJP) 
F O R M A T ( ~ X , ~ H P C I W E R = , F ~ . O , ~ X , ~ H K W E ~ ~ ~ X ~ ~ ~ H D P T I M U M  THRUST T IME)  
GO TO 317 
WRITEl6,315)  POWERHlJP),TIMEON 
F O R M A T I ~ X ~ ~ H P O W E R = ~ F ~ . O I ~ X ~ ~ H K W E ~ ~ ~ X ~ ~ ~ H T H R U S T  TIME UPPER L IMIT= ,  

1F6.0, 5HHOURS) 
GO TO 317 
WRITE16.319) 
FORMAT1 ) 
GO TO 307 
W R I T E l 6 r 3 1 9 )  
GO TO 310 
PPKOIF = 1.0 + PPK 
WRITE16,3121 WPLANTrPPKOIF 
FORMATIlX,l lHPLANT MASS=fF5.0,8H*POWER**,F3.2) 
GO TO 317 
WRITEl6.314) 
FORMATIlX,13HOPTIMUM POWERt67XrlPHOPTIMUM THRUST TIME) 
CALL P L O T 4 1 3 1 ~ 3 1 H  NET SPACECRAFT MASS KG) 
WRITE 1 6  9 301) 
FORMATl45X,18HMISSION TIME, DAYS) 
WRITEl6.322) NAMEIDAT 
FORMATIlX,6HFIGURE.69X,3A4,2X,2A4) 
GO TO 1 
W R 1 T E 1 6 ~ 7 1 3 )  
FORMAT(ZX,ZlHXMUW GREATER THAN 1.0) 
GO TO 8 0 6  
WRITEl6.717) 
FORMATl2X,38HTHIlN) LESS THAN 0.OvCHECK TIME INPUTS) 
GO TO 805 
WRITE16,7191 
FORMATIZX,23HBOOSTL LESS THAN WEJECT) 
GO TO 800 
WRITE (6.721 1 
F O R M A T I ~ X I ~ ~ H N E G A T I V E  OEPMLl 
GO TO 800 
W R I T E l 6 r 7 2 3 )  
F O R M A T I ~ X I ~ ~ H N E G A T I V E  ARRML) 
GO TO 800 
W R I T E l 6 t 7 2 5 )  
FORMATIZX.15HNEGATIVE BOOSTL) 
GO TO 800 
WRITEl6.727) 
FORMATIZX,19HVINFl LESS THAN 0.01 
GO TO 805 
WRITE (6,729) 
FORMATl2X.19HVINF2 LESS THAN 0.0) 
GO TO 8 0 5  
W R I T E l 6 r 7 3 1 )  
FORMAT(2Xv13HNEGATIVE XMULI 
GO TO 800 
EN0 
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C MPXO4 F5 DEPART E-9 
C 
C 

SUBROUTINE DPART ( D E P A R T ~ H I G H ~ L O W ~ O I S P 1 G E 1 E P S O ~ R A D ~ D S I G M A ~  
l R G E O 9 G M E O I R P l 9 D E P M L , P 9 Q l ~ X J O 8 A R ~ D ~ l , T O 8 A R ~ A l ~ V I N F l ~ 8 ~  
2 L A U N C H I N ~ I R O ~ ~ D O S T L I V C ~ , P A Y ~ ~ D I N E R T )  

OIMENSION S I S 4 V 1 1 6 ) r  T 3 F C P ( l 6 ) i  T 3 F C V ( l 6 ) i  T 3 F V l 1 6 ) r  T 3 F P t 1 6 )  
DIMENSION S V P 1 1 6 ) t  S V V ( 1 6 ) ,  S I S 4 C P t 1 6 ) r  S I S 4 C V 1 1 6 ) i  S I S 4 P t 1 6 )  
DIMENSION PAY7(16 ) .  V C 7 ( 1 6 )  
DIMENSION S V C V I  l 6 ) 9  SVCP( 1 6 )  9 S I C V ( 1 6 )  9 S I C P ( 1 6 ) r  T 3 D A V ( l 6 )  
DIMENSION T 3 D A P ( 1 6 ) t  A C V ( 1 6 ) r  A C P ( 1 6 ) t  AAV(161,  A A P l l 6 )  
DIMENSION T 3 O C V ( l 6 ) ,  T3DCP(16)  
DATA SVV/7.0, 7.759 9.0, 10.0, 11.01 12.0, 1 3 - 0 1  14.0, 1 5 - 0 7  15.5. 

DATA SVP /152000., 120000., 82000.9 60000.r 43000.r  30500.r 

DATA SIS4CV/7..7.75,9.~ 1 0 . 9  1 l . r  12.9 13.7 14.7 15.9 16.9 1 7 . 9  

1 16.0, 16.2, 16.3, 16.4. 1 6 - 8 9  30.0 / 

1 2 1 0 0 0 . .  12800.9 6900.9 4000.9 1300.9 400.r 130.r30.9 0.7 0 .  / 

0001 

0002  
0003  
0 0 0 4  
0005  
0 0 0 6  
0 0 0 7  
0 0 0 8  

0009 

0010 

0 0 1 1  

0 0 1 2  

0 0 1 3  

00 1 4  

0 0 1 5  

0 0 1 6  

0 0 1 7  

0018 

0019 

0020 

0 0 2 1  

0 0 2 2  

0023 

0 0 2 4  

0025  

0026  

0 0 2 7  

0028  

0029  

0030  
0 0 3 1  
0032  
0 0 3 3  
0 0 3 4  
0 0 3 5  
0036  
0 0 3 7  
0038  
0 0 3 9  
0040  
0 0 4 1  

0 0 4 2  
0043  
00 '4  
0 0 4 5  
t i046 
0 0 4 7  
0 0 4 8  
0049  
0 0 5 0  
0 0 5 1  
0 0 5 2  
0053  
0 0 5 4  
0055  
0 0 5 6  
0057  
0 0 5 8  

1 18.9 1 9 . 9  20.r  21.9 30. / 

1 1 1 7 0 0 . ~  8200.9 5800., 4000.9 2700.7 1700.r 890.7 370.9100.,0. / 

1 13.2, 13.4. 13.5, 1 3 - 6 9  13.8, 30. / 

DATA S I S 4 C P / 8 9 0 0 0 . ~  67000.9 46000.9 32000.9 22800.r 16000.r 

DATA SIS4V/7. r7.75,  9.9 1 0 . 9  1 l . r  1 1 - 5 9  12.7 12.5. 12.89 13.9 

D A T A  S I S ~ P / ~ O O O O . ,  6 2 0 0 0 . ~  4 1 0 0 0 . ~  ~ 7 5 0 0 . ~  16600.. i2300. ,  
1 8400.9 5400.1 3800.1 2800.9 1970.1 1140.1 680.9 250.1 30.90. / 

DATA T3FCV/7.97.759 9.9 1 0 . 7  1 l . r  12.7 13.9 14.9 15.9 1 5 - 5 9  
1 16.9 1 6 - 5 9  16.8, 17.9 1 7 - 5 7  30. / 

DATA T3FCP/30000., 23000.9 15000.9 10800., 7700.9 5300.9 3600.9 
1 2300.9 1380.9 990.1 680.1 375.9 200.9 90.9 0.9 0. / 

DATA T3FV/7., 7.75. 9.7 10.9 1 1 . 9  1 1 - 5 7  12.9 1 2 . 2 ~  1 2 - 4 9  12.6, 
1 12-89 13.1 1 3 - 1 9  13.27 1 3 - 4 1  30.6 / 

OATA T3FP/ 25000.9 18000.9 10200.r 6300.9 3350.9 2300.r 1500., 
1 1200., 900., 630.- 370.9 150.1 70.9 20.9 0.0, 0 .  / 

OATA S V C V  / 7.0, 7.751 9 - 0 7  10.7 12.r 14.9 16.7 18.9 20.9 21.9 
1 2 2 . 1  2 2 - 5 1  23.9 2 3 - 2 5 ,  24.9 30.0/ 

IIATA SVCP / 152000.09 120000.09 82000.0, 62000.0, 34000.01 
1 18000.9 9300., 4500., 2100.9  1300.9 600.9 340.r  125.9 50.,0.,0./ 

DATA SICV / 7 - 0 9  7.75, 9.09 10.9 1 l . r  12.9 13.7 1 3 - 5 1  1 4 . 9  1 4 - 5 7  
1 15.9 15.8, 16.49 17.9 1 7 - 2 7  30.0 / 

DATA SICP / 32200.9 24000.1 15000.9 10440.1 7080.r  4760.0, 
1 3130.r 2450.-  1910., 1408.7 1044.9 454.1 136.r 10.7 0.0, O . O /  

DATA T30AV / 7.09 7.759 9.9 1 0 . 9  1 l . r  12.9 1 2 - 5 9  13.9 13.5, 14.9 
1 1 4 - 4 1  1 4 - 8 1  15.2, 1 5 - 6 9  16.9 30. / 

DATA T3OAP / 15880., 12100., 7530.9 4950.9 3040.9 1838.r  1360.9 
1 1042.9 741.9 499.9 317.1 186.9 9 5 - 4 9  4 5 - 4 9  0.0 ,  O.O/ 

UATA ACV /7.0, 7.75, 9.0, 10.9 10.5, 1 1 . 9  11.4, 11.89 1 2 - 2 9  
1 12.4, 12.6, 12-89 13.7 1 3 - 3 9  14.1 30.0/ 

DATA ACP / 7260.9 5360.9 3250.9 2130.9 1680.7 1295.9 1000., 
1 749.9 450.9 330.1 220.7 118.9 45.1 10.9 0.09 O.O/ 

DATA A A V  / 7 - 0 9  7.75, 9.7 1 0 . 9  10.4, 10.8~ 1 1 - 2 9  1 1 - 6 9  
1 12.7 12.2, 12.49 12.6, 12.8r 13.9 14.7 30.0/ 

DATA AAP / 5000.9 3600.9 2000., 116O.t 910.. 700.1 530.7 380.9 
1 250.9 192.9 140.9 80 .9  36.9 17.7 0.090.0/ 

DATA T3DCV / 7 - 0 9  7.759 9 - 0 1  10.09 1 1 . 9  12.0, 13.0, 14.9 
1 1 4 - 5 1  1 5 - 0 9  15.5, 1 6 - 0 7  16.429 17.0, 18.01 30.0/  

DATA T3DCP / 21600.01 17000.01 11000.r  7800.1 5500.9 3800.1 
1 2500.1 1520.1 1140.1 790.9 4 6 0 . 7  240.9 100.7 50.9 0.09 0.0 / 

LOG1 CAL DEPART 7 HIGH, L OW 
LOGICAL LAUNCH, ESCAPE, PARK 
800STL=1.0 
Dl=O.O 
IF(LAUNCH) GO TO 820 
GO TO 8 2 1  

820 VBOOST=SQRT(VINFl*VINFl  + 120 .1 )  
GO TO ROO 

A100 =(RP1*6375.  + 6560.)/2.0 
B I R D V 1 ~ S O R T ~ G M E f l ~ ~ 1 , + E l O O ~ / ~ ~ l . - E l O O ~ * A l O O ~ ~ - 7 ~ 7 5  
E I R D V 2 = S O R T ( G M E O o ( l , + E P S D ) / ( ( l ~ - E P S D ) * A l ~ R G E O ) )  

VBDDST=7.75 + B I R D V l  + 8IROV2 
GO TO 800  

8 2 1  E lOO=(RP l *6375 .  - 6 5 6 O S d / ( R P 1  * 6375. + 6560.) 

1 - S Q R T ~ G M E O * ~ 1 . - E 1 0 0 ~ / ~ ~ l ~ + E l O O ~ * A l O O ~ ~  

800 GO TO ~ 8 O l r 8 0 2 r 8 0 3 ~ 8 0 4 ~ 8 0 5 ~ 8 0 6 ~ 8 0 7 ~ 8 0 8 ~ 8 0 9 ~ 8 1 0 ~ 8 1 1 ~ 8 1 2 ~ 8 1 3 ~ ~ N ~ 1 R ~ ~  
6 0 1  600STL=1.0 

VBOOST=7.75 
GO TO 8 4 1  

GO TO 8 4 1  

GO TO 8 4 1  

GO TO 8 4 1  

GO TO 8 4 1  

GO TO 8 4 1  

802  CALL TAINT(SVV 9 S V P  ~ V ~ O O S T I ~ D O S T L ~ ~ ~ ~ ~ ~ N E R R ~ ~ ~ ~ )  

803  CALL T A I N T ( S I S 4 C V ~ S I S 4 C P ~ V 8 O O S T L , l b l Z 1 N E R R l ~ D l ~  

8 0 4  CALL T A I N T ( S I S 4 V  ,SIS4P ~ V ~ O O S T ~ ~ O G S T L I ~ ~ ~ ~ ~ N E R R ~ ~ O ~ )  

805 CALL TAINT(T3FCV rT3FCP r V 8 U O S T ~ 8 O O S T L , 1 6 ~ 2 ~ M E R R l r D 1 )  

806  CALL TAINT(T3FV 1T3FP ~VBOOST980OSTL 1 1  6 r 2 9 N E R R l i O l )  

807  CALL TAINT(  VC79PAY7,VHOOST,HOOSTL 7 16.2 ,NERRl r D 1 )  
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0059 
0060 
0 0 6 1  
0062 
0 0 6 3  
0064 
0 0 6 5  
0 0 6 6  
0 0 6 7  
0068 
0069 
0070 
0071 
0072 
0073 
0074 
0075 
0 0 7 6  
0077 
0078 
0079 
0080 
0 0 8 1  
0082 
0083 
0084 
0 0 8 5  
0 0 8 6  
0 0 8 7  
0088 
0089 
0090 
0091 
0092 
0093 
0094 
0 0 9 5  
0096 
0097 
0 0 9 8  
0099 
0100 
0101 
0102 
0103 
0104 
0105 
0 1 0 6  
0107 
0108 
0109 
0110 
0111 
0112 
0113 
0114 
0115 
0116 
0117 
0118 
0119 
0120 
0121 
0122 
0 1 2 3  
0124 
0 1 2 5  
0126 
0 1 2 7  
0128 
0129 
0130 
0 1 3 1  
0 1 3 2  
0 1 3 3  
0134 
0 1 3 5  
0 1 3 6  
0137 
0 1 3 8  
0139 
0140 
0141 
0142 
0 1 4 3  
0144 
0145 
0 1 4 6  
0147 
0148 

E-10 
GO TO 841 

8 0 8  CALL T A I N T (  SVCV 9 SVCP ~ V B O O S T ~ B 0 0 S T L ~ 1 6 ~ 2 r N E R R l ~ O l ~  
GO TO 841 

GO TO 841 
8 0 9  CALL T A I N T I S I C V  9 SICP ~ V B O O S T ~ B 0 0 S T L ~ 1 6 ~ 2 ~ N E R R l ~ O l ~  

810 CALL T A I N T (  T3OAVvT3OAP ~ V B O O S T ~ B O O S T L I ~ ~ ~ ~ ~ N E R R ~ ~ D L )  
GO TO 841 

GO TO 8 4 1  

GO TO 841 

GO TO 841 

GO TO 504 

GO TO 501 

T L T S I  =O. 0 
VJET=DISP*GE 
EPS=EPSD 
TLTSR=TLTSI/RAO 
V I N  F=V I N F  1 
SIGMA=DSIGMA 
RD=RGEO 
GP=GMEO 
AS=RPl/(l.-EPS) 
PS=AS*RD*(l.-EPS*EPS) 
R L T S = P S / ( l . + E P S * C O S ( T L T S R ) )  
VSU=SQRT((GP/(AS*RD))*~l.+2.*EPS*COS~TLTSR~+EPS*EPSl/~l.-EPS*EPS~~ 
O V I = S Q R T ( ( V I N F * * 2 ) + ( 2 . * G P / ~ R L T S ) ) ) - V S U  
BMFST=EXP((-DVI)/VJET) 
BPROP=(l.+SIGMA)*BMFST-SIGMA -DINERT/BOOSTL 
OEPML=BPROP 

Q1=1.0 
XJDBAR=O.O 
OM=O . 0 
TOBAR=O.O 
GO TO 5 9 6  

D=20.0 
TC=8.64E4 
TOBAR=30. 
TDBAR=TDBAR*TC 
T=ZOO.O*TC 
GP=GMEO 
EPS=EPSD 
RD=RGEO 
Al=RPl / ( l . -EPS) 
AD=Al*RO 
Vt=SQRT(GP/(Al*RD)I  
U1=.9 

430 IF(Ul.GT.1.0) U1=.999999 
P 1 = 1 . 8 4 + V C t ( ( A D * A D * C / ( G P * T D B A R ) ) * * . 2 5 ) / C  
PZ=(l.O/U1-1.0)**.25 
P3=(1.0/U1-1.0)**.75 
FU=ALOG(Ul )+VC/C- (P l )+P2  
FUDOT=1.O/U1+P1/(P3*Ul*Ul*4.0~ 
UZ=Ul-FU/FUOOT 
ETA=l./(l.+(O/C)**Z) 
UALPHA=(l.O-U2)*1OOO.*C*C/(2.*ETA*TDBAR) 
I F ~ A B S ~ 1 ~ ~ ~ U 1 / U 2 1 ~ ~ ~ 0 0 0 1 ~  431,4319432 

GO TO 430 

811 CALL T A I N T (  ACVI A C P ~ V B O O S T ~ B O O S T L , 1 6 1 2 1 N E R R l ~ D l ~  

812 CALL T A I N T (  AAV, A A P , V B O O S T I B O O S T L ~ ~ ~ , ~ ~ N E R R ~ ~ D ~ ~  

813 CALL TAINT(T30CV9T3DCP ~ V B O O S T ~ B O O S T L ~ l 6 ~ 2 , N E R R l ~ D l ~  

841 IFtLAUNCH) GO TO 505 

504 IF(DEPART1 GO TO 503 

5 0 1  CONTINUE 

505 P=O.O 

5 0 3  C=lOO.O 

432 U1=U2 

431 XJDBAR=2.0*ETA*UALPHA*lOOO+*(l.-U2)/U2 
U1=.9 

230 IF(Ul.GT.1.0) U1=.999999 
P 1 = 1 . 8 4 * V C * l ( A O * A D * C / ( G P * T ) ) * * . 2 5  
P2=(1.0/U1-1.0)**.25 
P3=(1.0/U1-1.0)**.75 
FU=ALOG(UlI+VC/C-(Pl)*PZ 
FUOOT=1.O/U1+P1/(P3*Ul*U1*4.0~ 
UZ=Ul-FU/FUOOT 
ETA=l./ l l .+(O/C)**2) 
UALPHA=(l.O-U2)*10OO.*C*C/(Z.*ETb 
IF(ABS(l.-(Ul/U2))-.0001) 2 3 1 9 2 3 1  

GO TO 2 3 0  
2 3 2  U l=U2  

/C 

T I  
232 

231 X J = 2 ~ 0 * E T A * U A L P H A * 1 0 O O ~ * ~ l ~ - U 2 l / U 2  
D M = ( A L O G ( X J D B A R / X J 1 ) / I A L O G I T O B A R / T ) )  
I F I O M  .LT.O.O) GO TO 2 4 0  
DM=O.O 
XJDBAR=O.O 

P = l  .o 
Ql=TOBAR**(-OM) 

1 CONTINUE 

END 

2 4 0  TDBAR=TOBAR/TC 

5 9 6  RETURN 
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0001 

0 0 0 2  
0 0 0 3  
0004 
0 0 0 5  
0 0 0 6  
0007 
0008 
0009 

00 10 
0011 

0 0 1 2  
0 0 1 3  
00 14 

0 0 1 5  
0 0 1 6  

0 0 1 7  
0 0 1 8  
0 0 1 9  
0020 
0 0 2 1  
0022 
0 0 2 3  
0 0 2 4  

0 0 2 5  
0026  
0 0 2 7  
0 0 2 8  
0 0 2 9  
0030 
0031 

0 0 3 2  

0 0 3 3  
0 0 3 4  

0 0 3 5  
0 0 3 6  
0 0 3 7  
0 0 3 8  
00 3 9  
0040 
0041 
0042  
0 0 4 3  

0044 
0 0 4 5  
0 0 4 6  
0047 
0 0 4 8  
0049 
0 0 5 0  
0 0 5 1  
0 0 5 2  

0 0 5 3  
0 0 5 4  
0 0 5 5  
0 0 5 6  
0 0 5 7  
0 0 5 8  
0 0 5 9  
0 0 6 0  
0 0 6 1  

0 0 6 2  
0063  
0 0 6 4  
0065  
0 0 6 6  
0 0 6 7  
0 0 6 8  
0 0 6 9  

0070 

C MPX04F4 FLYBY E-11 
C 
C 

SUBROUTINE FLYBUY (NPLANZ~THBARTTHPBAR~PTKT 

LOGICAL ENERGYiATOMICvSOLAR 
01=0.0 
c1=0.0 
C3xO.O 
VASS l = V  I N F  1 
NPASS=NPASS + 1 
IF(SKIP1.EP.O.O) GO TO 2 0 2  
IF tNPASS .GE. 10) GO TO 1 9 5  

XASS1=VINF1*VINFl*.25/SQRT~GMEO*AZERO) 
G O f X l ~ 2 ~ 0 * ~ X A S S 1 + ~ 6 5 1 6 3 0 ~ * ~ X A S S 1 + 4 . 1 1 3 ~ 9 ~ * ~ X A S S 1 + 1 ~ 2 1 4 3 4 2 ~ / ~  

1 H A ~ H B ~ H C T V I N F ~ ~ D E L V ~ T A N G L E I G M E O T A Z E R O I V ~ S S ~ ~ S K I P ~ ~ N P A S S T E N E R G Y ~  

C . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ASYMPTOTIC MATCHING 

1 ~ X A S S 1 + 4 . 1 6 9 0 6 8 ~ * ~ X A S S 1 * 1 . 3 0 3 3 1 2 ~ * ~ S P R T ~ X A S S l + l ~ O ~ ~ ~  

2 0 2  GO TO ~ 3 0 1 ~ 3 0 2 ~ 3 0 3 v 3 0 4 r 3 0 5 ~ 3 0 6 v 3 0 7 v 3 0 8 ~ 3 0 9 ~ 3 1 0 ~ 3 1 1 ~ ~ N P L A N 2  
2 0 1  VASSl=GOFXl*(GMEO*AZER0)**.25 

1 9 5  VASSl=SQRT(V INF l *V INF l  + 2.O*GMEO/~145.0000*6375.0)) 
C *****r*****O+**X*************~**** SPHERE OF INFLUENCE MATCHING 

GO TO 202 
3 0 1  THBAR=70.0 

C MERCURY 
HA=56.365662 
HB=-20.123871 
HC=1.848905 
OELVl=O.O 
THPBAR=43.796 
PTK=1.291965 
GO TO 5 0 0  

3 0 2  THBAR=50.0 
C VENUS 

HAs42.662186 
HB=-15.007878 
HC~1 .328273  
DELVl=O.O 
THp8AR~27.5 
PTK=l. 0 
GO TO 5 0 0  

C EARTH 

C MARS 
303  GO TO 1 

3 0 4  GO TO 1 
3 0 5  THBAR=300.0 

C JUPITER 
HAs56.788559 
HB=-15.133818 
HC51.030477 
C1=-.002046 
C351.505424 
THPRAR=150.89 
PTK=1.056036 
GO TO 5 0 0  

3 0 6  THBAR=600.0 
C SATURN 

HA554.259232 
HB=-13.236733 
HCz.827999 
C1=-.001736 
C351.368783 
THPBAR=321.034 
PTK=.887848 
GO TO 5 0 0  

307  THBAR=600.0 
C URANUS 

HA540.394104 
HW-8.366853 
HC5.438166 
C1=-.001075 
C 3 ~ 1 . 4 3 9 4 6 3  
THPBAR=329.991 
PTK=.907105 
GO TO 5 0 0  

3 0 8  THBAR=1500. 
C NEPTUNE 

HA=44.884598 
HB=-8.931028 
HC=.445309 
C1=-.000705 
C3=1.512190 
PTK=l. 2 7 4  
THPBAR=786. 
GO TO 5 0 0  

C PLUTO 
3 0 9  GO TO 1 
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0071 

0072 
0073 
0074 
0 0 7 5  
0076 
0077 
0078 
0079 
0080 

0081 
0082 
0 0 8 3  
0 0 8 4  
0 0 8 5  
0 0 8 6  
0 0 8 7  
0088 
0089 
0090 
0091 
0092 
0093 
0094 
0095 
0096 
0097 
0098 
0099 
0100 
0101 
0102 
0103 
0104 
0 1 0 5  
0 1 0 6  
0 1 0 7  
0108 
0109 
0110 

000 1 

0002 
0003 
0004 
0005 
0006 
0007 
0008 
0009 

0010 
0011 
0012 
0013 
00 14 
0015 
00 16 
0017 
0018 
0019 
0020 
0021 

0022 
0023 
0024 
0025 
0026 
0027 
0028 
0029 
0030 
0031 
0032 

0033 

0034 

310 THEAR=500.0 
C HALLEY'S COMET RENDEZVOUS 

HA=-51.464508 
H8= 18.60 5 63 7 
HC=-1.553296 
C1=-.001243 
C3=.993871 
PTKE1.0 
THPEAR=450.0 
GO TO 500 

3 1 1  DIHI=2.0*57.29578*ARSIN(V 
C EXTRA-ECLIPTIC RENDEZVOUS 

E-12 

51/59.  

IF(DIHI .GT. ANGLE) DIHI=ANGLE 
DILO=ANGLE-DIHI 
VINC=DILO/10.0 
IF(.NOT. ENERGY) GO TO 411 
THBAR=400.0 
THPEAR=372. 
PTK=1. 
HA=.338472 
HB=2.247731 
HC=-.41 
C1=.0713 
c3=.335 
FACTOR=Cl*VINC**C3 
GO TO 501 

He=-1 - 0 0 4 3 6 8  
HC=-.000119 
C1=2.315532 
C 3 = .443 5 7  2 
THPEAR=180.+DILO 
THEAR=300.0 
PTK=1.0 
HA=HA+Cl*VINC**C3 
GO TO 5 0 2  

411 HA=5.0 

1 W R I T E ( 6 t 1 0 0 )  
100 FORMAT(1H -22HPLANET DATA NOT STORED) 
500 FACTOR=Cl*VASSl**C3 
5 0 1  HC=HC+FACTOR 
502 RETURN 

END 

C MPX04F2 
C 

ORBITER 

C 
SUBROUTINE ORBITR INPLAN21 THBAR, THPBARt PTKI GMt RGt 

1 H A t H E t H C t V I N F l ~ V I N F 2 ~ D E L V l t O E L V 2 ~ A Z E R O t A F I N A L t V A S S l ~ V A S S Z ~  
2SKIPl.SKIPZ.NPASS~GMEO~ENERGY) 

LOGICAL ENERGYtATOMICtSOLAR 
01=0.0 
C1=0.0 
c2=0.0 
C3=0.0 
C4=0.0 

203 GO TO ~ ~ ~ 1 ~ ~ ~ ~ r ~ ~ ~ r ~ ~ ~ r ~ 0 ~ ~ ~ ~ 6 ~ ~ ~ ~ ~ ~ ~ 8 ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  
401 THBAR=EO. 

C MERCURY 
HA=37.226028 

HC=.971943 
DELVl=O.O 
DEL V2=0 0 
THPBAR=56.161 
PTK=1.156017 
GM=2.18E4 
RSPHERZ46. 
RG=2420. 
GO TO 500 

HB=-11.546978 

402 THBAR=100.0 
C VENUS 

HA=42.995316 
HE=-14.002761 
HC=1.163274 
OELVl=O.O 
OELVZ=D.O 
THPBAR=60. 
PTK=l. 0 
GM=3.2485E5 
RSPHER=101. 
RG=6.05E3 
GO TO 5 0 0  

C EARTH 

C MARS 
403 GO TO 1 

404 GO TO 1 
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0 0 3 5  

0 0 3 6  
0 0 3 7  
0 0 3 8  
0 0 3 9  
0040 
0041 
0042 
0043 
0044 
0045 
0046 
0047 

0 0 4 8  
0049 
0050 
0 0 5 1  
0052 
0 0 5 3  
0 0 5 4  
0 0 5 5  
0 0 5 6  
0 0 5 7  
0 0 5 8  
0 0 5 9  

0 0 6 0  
0 0 6 1  
0 0 6 2  
0 0 6 3  
0 0 6 4  
0 0 6 5  
0 0 6 6  
0 0 6 7  
0068 
0 0 6 9  
0070 
0 0 7 1  

0072 
0073 
0074 
0 0 7 5  
0 0 7 6  
0077 
0 0 7 8  
0079 
0080 
0 0 8 1  
0 0 8 2  

0 0 8 3  
0 0 8 4  
0085 
0 0 8 6  
0 0 8 7  
0088 
0089 
0 0 9 0  

0 0 9 1  
0092 

0 0 9 3  
0094 
0 0 9 5  
0 0 9 6  
0097 

0098 

0099 
0100 
0101 
0102 
0 1 0 3  
0104 
0 1 0 5  
0 1 0 6  
0107 

4 0 5  THBAR=400.0 
C JUPITER 

HA156.546051 
HB=-l3.704782 
HC=.843276 
C1=-.0017318 
C3=1.258404 
THPBAR=257.175 
PTK=.895741 
RG=l. l4E4 
RSPHER=674. 
GH=1.267lE8 

E-13 

GO TO 500 
4 0 6  THBAR=7OO. 

C SATURN 
H A ~ 4 6 . 5 9 3 8 7 2  
HB=-9 8 7 0 1 7 5  
HC=.525386 
C1=-.001485 
C3=1.145093 
THPBAR=437.583 
PTK=.908804 
RG=6.04E4 
RSPHER=905. 
GM=3.792E7 
GO TO 5 0 0  

407 THBAR=1200. 

THPBAR=740. 
PTK=.88825 
HA=52.340347 
HB=-10.660658 
HC=.549718 
C 1=-.00 1 0 5 6  
C3=1.056167 
RG-2.35E4 
RSPHER=2210. 
GH=5.788E6 
GO TO 500 

C URANUS 

4 0 8  THBAR=2000. 
C NEPTUNE 

HA=58.582687 
HB=-l l .  7 4 2 0 3 3  
HC=.598062 
C1=-.000748 
C3=1.123747 
THPBAR=1220. 
PTK=.748 
RG=2.23€4 
RSPHER=3900. 
GM=6.8E6 
GO TO 500 

C PLUTO 
409 GO TO 1 
1 WRITEl6.100) 
100 FORMATIZH 9 2ZHPLANET DATA NOT STORED) 
5 0 0  V A S S l = V I N F l  

VASSZ=VINFZ 
NPASS=NPASS + 1 
IFtSKIP1.EQ.O.O) GO TO 499 
IF INPASS .GE. 101  GO TO 1 9 5  

XASS1=VINF1*VINF1*.25/SQRTlGt4EO*AZERO) 
G O F X 1 = Z . O * l X A S S 1 + . 6 5 1 6 3 0 ~ * l X A S S 1 + 4 . 1 1 3 W 9 ~ * l X A S S 1 + 1 . 2 1 4 3 4 2 ~ / 1  

C . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ASYMPTOTIC HATCHING 

1 l X A S S 1 + 4 ~ 1 6 9 0 6 8 ~ * l X A S S l + l ~ 3 O 3 3 l 2 ~ * l S Q R T l X A S S l + l . O ~ ~ ~  
2 0 1  VASS1=GOFXl*lGMEO*AZERO)**.25 
499 IFtSKIP2.EQ.O.D) GO TO 501 

IF INPASS .GE. 10) GO TO 1 9 6  
XASS2=VINF2*VINFZ*.25/SPRT(GH*AFINAL) 
G O F X 2 = 2 . 0 * l X A S S 2 + . 6 5 1 6 3 0 ~ * l X A S S 2 + 4 . 1 1 3 6 0 9 ~ * l X A S S 2 + 1 . 2 1 4 3 4 2 ~ / l  

GO TO 198 
1 1 X A S S 2 + 4 . 1 6 9 0 6 8 ~ * 1 X A S S 2 + 1 ~ 3 0 3 3 1 2 ~ * 1 S Q R T 1 X A S S 2 + 1 . 0 ~ ~ ~  

C ****9******4***+***$0***************** SPHERE OF INFLUENCE MATCHING 
1 9 5  V A S S l = S Q R T l V I N F l * V I N F l  + 2.0*GME0/1145.0000*6375.0J) 

1 9 6  VASS2=SORTlVINF2*VINF2 + Z.O*GM/IRSPHER *RG)) 
GO TO 499 

GO TO 5 0 1  
198  VASS2=GOFX2*(GM*AFINnL)8* .25 
5 0 1  FACTOR=Cl* lVASSl + VASS2)**C3 

HC=HC+FACTOR 
RETURN 
EN0 
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000 1 

0002 
0003 
0004 
0005 
0006 
0007 
0008 
0009 
00 10 
0011 
0012 
0013 
0014 
0 0 1 5  
0016 
0017 
0018 
0019 
0020 
0021 
0022 
0023 
0024 
0 0 2 5  
0026 
0 0 2 7  
0028 
0029 
0030 
0031 
0032 
0033 
0034 
0 0 3 5  
0036 
0 0 3 7  
0038 
0039 
0040 
0041 
0042 
0043 
0044 
0 0 4 5  
0046 
0047 
0048 
0049 
0 0 5 0  
0 0 5 1  
0 0 5 2  
0 0 5 3  
0 0 5 4  
0 0 5 5  
0056 
0057 
0 0 5 8  
0059 
0060 
0061 
0062 
0063 
0064 
0065 
0066 
0067 
0068 
0069 
0070 
0071 
0072 
0073 
0074 
0 0 7 5  
0076 
0077 
0078 
0079 
0080 

E-14 
C MPX04F3 ARRIVE 
C 
C 

SUBROUTINE ARRIV (ARRIVE.NPLAN2r P,Q,Ql,Q2rTCBARv 
1 XJCBAR, CM, GMT EPSTI T L T S I t  AISPI GE, 
2 A S I G M A ~ R P ~ ~ A ~ T A R R M L , V I N F ~  r L v R G t B )  

LOGICAL M O D E ~ F L Y B Y . O R B I T ~ A R R I V E 1 D E P n R T . H I G H 1 L O W  

100 

DIMENSION EPST(2O) 
RAD=1.0/.01745329 
I F  (ARRIVE)  GO TO 100 
GO TO 200 
C=l00.0 
0=20.0 
TC=8.64E4 
TCBAR=30.0 
TCBAR=TCBAR*TC 
T=ZOO.O*TC 
EPS=EPST(L) 
GP=GM 
AZ=RPZ/(l.-EPS) 
AD=AZ*RG 
VC=SQRT(GP/IAZ*RG)) 
u1=.9 

430 IF(Ul.GT.1.0) U1=.999999 
Pl=l.84*VC+((AO*AO*C/(GP~TCBAR))**.25)/C 
P2=(1.0-U1)**.25 
P3=(1.0-U1)**.75 
FU=ALOG(Ul)+VC/C-(Pl)*PZ 
FUOOT=1.O/U1+P1/(P3*Ul*Ul*4.0) 
UZ=Ul-FU/FUDOT 
ETA=l./(l.+(O/C)**Z) 
U A L P H A = ( l . O - U 2 ) * 1 0 O O ~ * C * C / ~ 2 ~ * E T A * T C 8 A R )  
IF(ABS~l.-~Ul/UZ))-.OOOl) 4311431,432 

GO TO 430 

XJCBAR=2.0*ETA*UALPHA*lOOO.*(l.-UZ)/U2 
u1=.9 

P 1 = 1 . 8 4 * V C * ( ( A D * A O + C / ( G P * T ) ) * * . 2 5 ) / C  
P2=(1.0-U1)**.25 
P3=(1.0-U1)**.75 
FU=ALOG(Ul)+VC/C-(Pl)*PZ 
FUDOT=1.O/U1+P1/(P3*Ul*U1*4.0~ 
U2=Ul-FU/FUOOT 
ETA=l./(l.+(D/C)**Z) 
UALPHA=(l.O-U2)*10OO.*C*C/(2.*ETA*T) 
IF(ABSl1.-(Ul/U2))-.0001) 2 3 1 , 2 3 1 ~ 2 3 2  

4 3 2  U1=U2 

431 I F ( U 2  .GE. 1.0) U2=.999998 

230 IF(Ul.GT.1.0) U1=.999999 

2 3 2  U l=U2 

231 

2 40 
500 

200 

19 
2 2 1  
114 

GO TO 230 
I F ( U 2  .GE. 1.0) U2Z.999999 
XJ=2~O*ETA*UALPHA*lOOO~*~l~-UZ)/U2 
C M = ( A L O G ( X J C B A R / X J ) ) / ( A L O G ( T C B A R / T ) )  
I F ( C H  .LT.O.O) GO TO 2 4 0  
CM=O.O 
XJCBAR=l.O 
TC BAR=TCBAR/TC 
Q=l .O 
QZ=TCBAR**(-CM) 
GO TO 114 
Q2=1.0 
Q=O. 
CM=O.O 
TCBAR=O.O 
XJCBAR=O.O 
GP=GM 
EPS=EPST(L) 
TLT S I =O. 0 
VJET=AISP*GE 
TLTSR=TLTSI/RAD 
VINF=VINFZ 
SIGMA=ASIGMA 
AS=RPZ/(l.-EPS) 
PS=AS*RG*(l.-EPS*EPS) 
R L T S = P S / ( l . + E P S * C O S ( T L T S R ) )  
VSU=SQRT((GP/(AS*RG))*(I.+Z.*EPS*COS(TLTSR)+EPS*EPS)/(l.-EPS*EPS)) 
DVI=SQRT((VINF**Z)+(Z.*GP/(RLTS)))-VSU 
BMFST=EXP((-DVI)/VJET) 
BPROP=Il.+SIGMA)*BMFST-SIGMA 
ARRML=BPROP 
GO TO 114 
W R I T E ( 6 v 2 2 1 )  
FORMAT(1H r22HPLANET DATA NOT STORED) 
RETURN 
END 
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