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FOREWORD 

This report describes work accomplished as a part 

of the Lunar Orbital Survey Missions Study currently 

being performed at the Lockheed Missiles and Space 

Company under Contract NAS 9-5288 for the NASA 

Manned Spacecraft Center, Houston, Texas. This 

analysis was performed prior to recent redirection 

emphasizing flight mechanics and mission analysis. 

A more thorough analysis of the three-impulse 

technique is planned as a part of the redirected 

effort, 
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W t  i n  SM Translunar Two Impulse Three Impulse Difference 
Sector 1, Time, Expmt t Probe Expmt t Probe i n  Payload 

Lb.  Hours Wt, Lb.  Wt , L b .  W t ,  Lb .  I 2300 60 Negative 9,400 12,200 

2300 108 12,300 20,600 8 9 300 

5000 60 Negative 1 , 900 13,400 

5000 72 Negative 12,400 13.900 

SUMMARY 

Lunar o r b i t  missions with highly inc l ined  o r b i t s  w i l l  be use fu l  i n  

accomplishing a complete survey of t h e  lunar surface using Apollo 

hardware. However, l a rge  angles between t h e  o r b i t  plane and t r ansea r th  

brdjcL.tuI dcpal bUre a o y u I ~ b u b c  hsrL - k c ,  r ccu l t ing  ia prehibi t ively 

l a rge  AV requirements i f  current  s ing le  impulse methods a r e  u t i l i z e d .  

The two impulse technique w i l l  g r e a t l y  reduce the  maximum 

A fu r the r  reduction i s  possible using a th ree  impulse technique, i n  

which highly eccentr ic  e l l i p t i c a l  o r b i t s  a r e  used t o  e f f i c i e n t l y  change 

t h e  o r b i t  plane.  

+ -7 -n  --.r -n.-.n+.. r \n.rm~+n+n r r i l l  ,,--IC. 

V required.  

This repor t  p resents  a preliminary ana lys i s  of t h e  three  impulse technique. 

The AV requirements a r e  determined a s  a function of t r ansea r th  f l i g h t  

time and t h e  angle between the i n i t i a l  o r b i t  plane and t h e  departure  

asymptote. 

missions using two impulses with corresponding missions using th ree  

impulses. 

Comparisons a re  also made of payload c a p a b i l i t i e s  f o r  possible  

A b r i e f  summary of the  r e s u l t s  i s  given below comparing t h e  payload capa- 

b i l i t i e s  of possible  missions t o  polar  o r b i t s  using Block I1 vehicle  con- 

f igu ra t ions  ( l imi ted  t o  t o t a l  mission durat ions l e s s  than 1 4  days) .  



SUMMARY (cont . )  

. 

For long durat ion missions t o  polar  o r b i t s  t he  increase i n  payload 

capab i l i t y  i s  estimated t o  be approximately 9,960 l b s ,  but i n  many 

cases t h e  two-impulse payload capab i l i t y  aga ins t  which t h i s  i s  com- 

pared may be negative.  

VI- l ~ l e  preliniinary ana lys i s  which has been conducted i s  reported herein 

i n  order t h a t  t h e  NASA Manned Spacecraft  Center might review t h e  

r e s u l t s  and determine t h e  operat ional  f e a s i b i l i t y  of t h i s  three-impulse 

technique. 

were made, and only s i x  of t h e  most inportant  con t ro l  parameters were 

se lec ted  f o r  t h e  optimization from t h e  possible  1 2  parameters. 

i s  already underway at LMSC on t h e  full optimization of the  problem 

because of t h e  s ign i f i can t  r e s u l t s  obtained from t h i s  preliminary 

ana lys i s .  However, before any grea t  amount of e f f o r t  i s  expended it 

would be des i rab le  t o  have a response from NASA. 

I n  t h i s  preliminary ana lys i s  c e r t a i n  simplifying assumptions 

Work 



I. INTRODUCTION 

After t h e  f irst  lunar landings by Apollo, it i s  planned t o  use manned 

lunar  o r b i t  missions as one means of extending our s c i e n t i f i c  knowledge 

of t he  Moon. 

sur face ,  po lar  o r b i t s  w i l l  be requi red .  

can r e s u l t  i n  l a rge  angles between t h e  instantaneous departureasymptote 

and t h e  o r b i t  plane and, consequently, l a rge  ve loc i ty  requirements t o  

perform t h e  t r ansea r th  in j ec t ion  maneuver. 

I n  order t o  accomplish a complete survey of t h e  lunar  

Orb i t s  with high i n c l i n a t i o n s  

Various techniques have been inves t iga ted  f o r  achieving t r a n s e a r t h  

i n j e c t i o n  when the  angle between t h e  o r b i t  plane and t h e  departure  

asymptote i s  l a rge  (up t o  90 degrees) .  The most e f f i c i e n t  technique 

reported t o  da t e  involves two impulses, one t o  leave t h e  lunar o r b i t  

and t h e  second near t he  lunar sphere of inf luence.  

This r epor t  considers a three-impulse technique which i s  s i g n i f i c a n t l y  

more e f f i c i e n t  than the  two-impulse techniques reported.  The f irst  

impulse i n  t h e  three-impulse method pr imar i ly  i n j e c t s  t h e  vehic le  i n t o  

a highly-eccentr ic  e l l i p t i c a l  o r b i t  about t he  Moon, and t h e  second 

impulse a t  apocynthion changes t h e  o r b i t  plane so t h a t  it contains  t h e  

departure  asymptote. The t h i r d  impulse i s  applied near pericynthion 

such t h a t  t he  des i red  departure energy and d i r ec t ion  a r e  achieved. Con- 

- & - - 2 - J - -  ^_.^^ 
O b 1  d l l l b e  dl t2 sa t i s f ied  vhich include perizjri;thion altlt-cdes &id t b , e  

from t h e  f i r s t  impulse t o  Ear th ' s  atmosphere re-entry.  



Transearth Fl ight  
Time, Hours 

60 

72 

84 

108 

11. ASSUMPTIONS RND BASIC DATA 

Th i s  prel iminary study of t he  three-impulse technique f o r  t r ansea r th  

i n j e c t i o n  i s  based upon a r e s t r i c t e d  2-body, se lenocent r ic  ana lys i s .  

Departure asymptote d i r ec t ion  requirements as a funct ion of t r ansea r th  

f l i g h t  time were taken from Reference (1) assuming average lunar  d i s tance .  

Circular  lunar  o r b i t s  a t  43 nm a l t i t u d e ,  with a complete range of o r b i t  

o r i en ta t ions ,  were assumed. 

hyperbolic excess ve loc i ty ,  

time w a s  der ived from lunar  o rb i t  i n s e r t i o n  AV data using t h e  v i s  viva 

i n t e g r a l ,  

w a s  based on an 80 nm lunar  o r b i t  and average lunar dis tance .  

values thus  der ived a re  given below. 

The requikement f o r  t h e  magnitude of the  

, as  a funct ion of  t r ansea r th  f l i g h t  I 
The AV d a t a  was received from M r .  P. G. Thomas (MSC), and 

4,222 

3 , 328 

2 , 937 

2,681 

The lunar  constants  were based on Reference (2 )  which i s  a bas i c  document 

f o r  t he  Apollo Navigation Working Group (Reference 3) .  

Other assumptions a r e  as follows: 

o A l l  t r ans luna r  and t ransear th  t r a j e c t o r y  t r i p  t imes a r e  

between 60 and 108 hours. 

Maximum elapsed time f o r  anytime abort  i s  108 hours from 

f i rs t  impulse t o  E a r t h ' s  atmosphere re -en t ry ,  ' 

o 

o All A V ' s  a r e  impulsive,. 

o Averagp Earth-Moon distanct.. 
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ASSUMPTIONS AND BASIC DATA (Cont . ) 
o 

o Saturn V in j ec t ion  weight capab i l i t y  fo r  a 72 hour 

Circular  lunar  o r b i t s  at 43 run a l t i t u d e .  

t rans lunar  t r a j e c t o r y  i s  95,000 Lbs including a 3,800 Lb 

adapter . 
CSM i n e r t  weight i s  20,728 Lbs. 

SM impulse propel lant  i s  39,700 Lbs maximum. 

o 

o 
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111. ONE- AND TWO-IMWLSE TECHNIQUES 

The lunar o r b i t  survey m i s s i o n s  w i l l  u t i l i z e  high i n c l i n a t i o n ,  lunar  

o r b i t s  with t h e  r e s u l t  t h a t  l a rge  angles may e x i s t  between t h e  o r b i t  

plane and t h e  departure asymptote for  t h e  t r a n s e a r t h  t r a j e c t o r y .  When 

t h i s  "out-of-plane" angle i s  small, t h e  t r a n s e a r t h  i n j e c t i o n  maneuver 

may be made q u i t e  e f f i c i e n t l y  with a s i n g l e  impulse; when t h e  angle i s  

l a r g e ,  however, t h e  v e l o c i t y  requirement with a s i n g l e  impulse becomes 

p r o h i b i t i v e l y  g r e a t ,  and more e f f i c i e n t  means of a t t a i n i n g  a t r a n s e a r t h  

t r a j e c t o r y  a r e  des i red .  

The two-impulse technique provides a g r e a t  reduction i n  t h e  maximum 

v e l o c i t y  requi red ,  approximately 5200 Ft/Sec as opposed t o  approximately 

9500 Ft/Sec with a s ing le  impulse. 

analyzed t h e  two-impulse technique with c e r t a i n  simplifying assumptions, 

p r imar i ly  i n  using only a two-body model (References 4, 5,  and 6 ) .  

sophis t ica ted  analyses have also been completed with more r e a l i s t i c  models, 

including t h e  t r a j e c t o r y  beyond the  lunar sphere of in f luence ,  and t h e  

cons t r a in t  on t r a n s e a r t h  f l i g h t  time. The f i r s t  such ana lys i s  t o  produce 

r e s u l t s  ( t o  t h e  b e s t  of knowledge of t h i s  w r i t e r )  was performed by 

M r .  P. G. Thomas, NASA, MSC (Reference 7) .  

a r e  quoted he re in  for purposes of comparison. 

A number of i nves t iga to r s  have 

However, 

Resul t s  from t h i s  ana lys i s  

I n  t h e  two-impulse technique the f i r s t  impulse i n j e c t s  t he  vehic le  i n t o  

a hyperbolic t r a j e c t o r y  which i s  followed u n t i l  t h e  vehic le  i s  a g rea t  

d i s t ance  from t h e  Moon. A small mount of  plane change i s  simultaneously 

accomplished with t h e  f i rs t  impulse. A t  a g rea t  d i s tance  from the  Moon 

(10,000 t o  40,000 nm) t h e  second impulse changes t h e  d i r e c t i o n  and mag- 

n i tude  of t h e  v e l o c i t y  so  t h a t  t h e  vehic le  i s  on a t r ansea r th  t r a j e c t o r y  

which s a t i s f i e s  t h e  vehicle cons t ra in ts .  



I V .  THREE-IMPULSE TECHNIQUE 

The three-impulse geometry i s  i l l u s t r a t e d  i n  Figure 1. 

i n  t h e  three-impulse method pr imari ly  i n j e c t s  t h e  vehic le  i n t o  a highly- 

eccent r ic  e l l i p t i c a l  o r b i t  about t he  Moon, and t h e  second impulse a t  

apocynthion changes t h e  o r b i t  plane so t h a t  it contains  t h e  departure  

The f i r s t  impulse 

asymptote. 

des i red  departure energy and d i r ec t ion  a r e  achieved. 

The t h i r d  impulse i s  applied near per icynthion such t h a t  t h e  

The e f f i c i ency  of t h e  three-impulse technique has i t s  basis i n  two as t ro -  

dynamic p r inc ip l e s :  

1) Direct ion of motion can be changed most e f f i c i e n t l y  where t h e  

ve loc i ty  i s  smallest .  

Energy l e v e l  can be changed East e f f i c i e n t l y  where t h e  ve loc i ty  

i s  l a r g e s t .  

2) 

The two-impulse technique u t i l i z e s  t h e  f i r s t  p r i n c i p l e  by going a g rea t  

d i s tance  from t h e  Moon t o  change the  d i r ec t ion ,  but i n  so-doing, t h e  

achievement of t h e  departure  energy tends t o  be penalized. 

it i s  reasonable t o  expect some advantage by using a three-impulse 

technique. F i r s t ,  t h e  ve loc i ty  at t h e  apocynthion of a highly eccent r ic  

o r b i t  i s  very low, permit t ing a plane change with a s m a l l  impulse. 

Secondly, a l l  t h e  ve loc i ty  added t o  achieve the  required departure  energy 

i s  added near t h e  Moon where the  ve loc i ty  i s  l a rge .  

Therefore,  

Fac tors  which tend t o  decrease t h e  e f f i c i ency  of t he  three-impulse 

technique a re  as follows: 

1. The time spent i n  t h e  e l l i p t i c a l  o r b i t  must be compensated f o r  

by using a f a s t e r  t ransear th  t r a j e c t o r y ,  requi r ing  g rea t e r  

ve loc i ty  a t  t ransear th  in j ec t ion .  
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2. I d e a l l y  t h e  t h i r d  impulse should be applied a t  or near t h e  

e l l i p s e  pericynthion, bu t  w i t h  t h e  cons t r a in t s  used i n  t h i s  

study along with t h e  V d i r e c t i o n  requirements, t h e  p o s i t i o n  

fo r  t he  t h i r d  impulse i s  compromised. 

00 

F i r s t  Immlse  

The magnitude of  t h e  f irst  impulse i s  se l ec t ed  t o  produce an e l l i p s e  

having a period of 24 hours. 

from a performance standpoint,  t h e  g rea t e r  t h e  period and apocynthion 

d i s t ance ,  t h e  lower t h e  ve loc i ty  required f o r  t h e  plane change; but a l s o  

t h e  g r e a t e r  t h e  time which must be compensated for i n  t h e  t r a n s e a r t h  

t r a j e c t o r y .  Also, problems due t o  Earth and Sun pe r tu rba t ions  increase 

wi th  increas ing  period. The apocynthion a l t i t u d e  with a 24 hour period 

i s  8,610 nm. 

t h a t  i f  t h e  des i r ed  o r b i t  o r i en ta t ion  would r e s u l t  i n  undesirable per- 

t u r b a t i o n s  (for example, lowered pericynthion a l t i t u d e )  , then  e i t h e r  

small impulse cor rec t ions  may be applied or a compromise o r b i t  o r i en ta -  

t i o n  can be u t i l i z e d  without s i g n i f i c a n t  increase i n  v e l o c i t y  requirements. 

This i s  se l ec t ed  somewhat a r b i t r a r i l y ,  s ince  

It appears t o  be a reasonable assumption a t  t h i s  time 

The f i r s t  impulse i s  assumedto be applied hor izonta l ly ;  any change i n  

f l i g h t  pa th  angle would r e s u l t  i n  a pericynthion a l t i t u d e  lower than 

t h e  lunar c i r c u l a r  o r b i t  a l t i t u d e .  Even though t h e  vehicle does not 

normally r e t u r n  t o  pericynthion, it seems undesirable t o  en te r  such an 

o r b i t ,  

i n  t h i s  technique would have p e r i c p t h i o n  a l t i t u d e s  equal t o  or g r e a t e r  

than  t h e  43 nm i n i t i a l  a l t i t u d e .  

A cons t r a in t  applied the re fo re  was t h a t  t h e  th ree  conics involved 



F i r  s t  Impulse (Cont . ) 
A s m a l l  yaw component i s  optimally contained i n  t h e  f i rs t  maneuver. 

corresponding v e l o c i t y  savings with respec t  t o  tu rn ing  t h e  t o t a l  angle 

a t  apocynthion i s  only 6 t o  13 Ft/Sec f o r  a 24 hour e l l i p s e .  Only t h e  

f i r s t  two impulses contain out-of-plane components i n  t h i s  preliminary 

ana lys i s ,  f o r  t h e  sake of s impl ic i ty  and because t h e  t h i r d  impulse i s  

not a t  a poin t  favorabie t o  e f f i c i e n t i y  changing t h e  plane.  

The 

The pos i t i on  i n  t h e  lunar o rb i t  of t h e  f i r s t  mancuver i s  t h e  only c o n t r o l  

var iab le  f o r  o r i e n t a t i o n  o f  t h e  l i n e  of ctpsidc:: of t he  f i r s t  conic,  since 

a change of f l i g h t  pa th  angle i s  ru l ed  out by t h e  cons t r a in t  discussed 

above. 

t h e  th ree  impulses i s  minimized  f o r  t h e  c o n t r o l  va r i ab le s  considered. 

The l i n e  of apsides i s  o r ien ted  such t h a t  t h e  t o t a l  ve loc i ty  of 

Second Impulse , 

The second impulse, applied at apocynthion, has i t s  magnitude and d i r e c t i o n  

spec i f i ed  by t h e  requirements t h a t  it change t h e  plane t o  contain t h e  

departure asymptote without changing t h e  pericynthion a l t i t u d e .  

second maneuver i s  a l s o  assumed t o  be applied i n  t h e  ho r i zon ta l  d i r e c t i o n .  

The 

T h i r d  ImDulse 

The optimum pos i t i on  f o r  t h e  t h i r d  impulse i s  found by searching f o r  t h e  

pos i t i on  which r equ i r e s  t h e  smallest impulse t o  s a t i s f y  t h e  hyperbolic 

excess v e l o c i t y  (V 

impulse i s  applied at t h e  pericynthion, t h e  o r b i t  ve loc i ty  would be 

u---"-l- r r r Q a t Q c t  hiit --- the ch,znge i n  f l ight .  pstln. angle woi-nld he large.  r r ~ q i ~ < r ~ p g  

i n  genera l ,  an excessively large impulse. The optimum pos i t i on  f o r  t h e  

t h i r d  impulse then  e x i s t s  as a compromise between maximizing t h e  o r b i t  

v e l o c i t y  and minimizing t h e  path angle change. 

) magnitude and d i r e c t i o n  requirements. If t h e  t h i r d  
00 
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V. METIIOD OF OPTIMIZATION 

A s impl i f ied  approach t o  optimization would be t o  f i rs t  o r i e n t  t h e  l i n e  

of apsides so t h a t  t he  minimum angle i s  turned through along t h e  e l l i p s e  

l i n e  of apsides (0 = 0 ), and then  determine t h e  

t h i r d  maneuver, AV t o  t r a n s f e r  from t h e  e l l i p s e  

f i r s t  two impulses ( AV and AV ) t o  t h e  required 1 2 

3 I l l r ~  approach w o d d  ii5nLiize ( hV 

not minimize t h e  t o t a l  ( AV t AV2 + AV ) ,  

min 

3' 

ml, : + AT{,) sad AV 1 

1 3 

Figure 2 shows t h a t  i f  t h e  e l l i p s e  l i n e  of apsides 

optimum poin t  of t h e  

e s t ab l i shed  by t h e  

depar ture  conditions.  

ozparatcly but wculd 

i s  or ien ted  so t h a t  

t h e  angle 0 i s  minimized, t h e  angle between the  e l l i p s e  l i n e  of  apsides 

and t h e  departure asymptote, W ,  i s  always equal t o  90 degrees r ega rd le s s  

of t h e  value of t h e  angle between t h e  i n i t i a l  o r b i t  plane and t h e  departure 

asymptote, Q! ( a l s o  c a l l e d  "out-of-plane angle").  Figure 3 i l l u s t r a t e s  

t h a t  i f  W can be made t o  be l e s s  than  90 degrees, t h e  t h i r d  maneuver can 

be made at a lower a l t i t u d e  and g rea t e r  ve loc i ty ,  making it more e f f i c i e n t .  

Figure 2 shows t h a t  W can have values l e s s  than 90 degrees at t h e  expense 

of increas ing  t h e  angle 8 .  The optimization procedure used i n  t h i s  study 

i s  based upon such an approach, and i s  described i n  t h e  remainder of t h i s  

sec t ion .  

The minimization of t h e  t o t a l  v e l o c i t y  w a s  accomplished i n  two p a r t s :  

(1) 

impulses, and (2 )  t h e  optimum o r i e n t a t i o n  of t he  e l l i p s e  l i n e  of apsides 

considering t h e  e f f e c t  upon the t o t a l  plane change angle. 

t h e  optimum d i s t r i b u t i o n  of plane change between the f i r s t  and second 

The optimum d i s t r i b u t i o n  of  the plane change angle between t h e  f irst  and 

second impulses w a s  found by a closed-form so lu t ion .*  The assoc ia ted  

geometry i s  i l l u s t r a t e d  a s  follows: 

*- Performed by K. F. Johansen, LMSC N O ,  dated 29 March 1966. 
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1 - 2V V cos Q1)y 2 AV1 = (V  + Vc 
P P C  

APOCYNTHION: 
V 

Q, 
I 

2 AV = 2~ s i n  -$- Q 2 a 

Where V = 

v =  

v =  

C 

P 

a 

Q =  

- 
@1 - 

AV1 = 

AV2 = 

Circular  o r b i t  v e l o c i t y  

Pe r i aps i s  ve loc i ty  of intermediate e l l i p s e  

Apoapsis ve loc i ty  of intermediate e l l i p s e  

Total  plane change angle 

Plane change made a t  i n j e c t i o n  i n t o  intermediate e l l i p s e  

Magnitude of f i r s t  burn 

Magnitude of second burn 

The t o t a l  cos t  of t h e  maneuver i s  given by: 

AV T = AV 1 + AV2 - (Vp - Vc) (1) 

For t h e  given o r b i t  parameters and t o t a l  angle 8 t h i s  expression i s  a 

f m c t i o n  of t h e  plane change 8 mad? a t  p e r i a p s i s .  To f i n d  t h e  value 

of' Q 

t o  zero which l eads  t o  the  following equation: 

1 

which minimizes AV,,, equation (1) was d i f f e r e n t i a t e d  and s e t  equal 1 
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0 
This equation w a s  converted in to  a four th  degree polynomial i n  cos Q1 

which was solved numerically. The r e s u l t i n g  angles a re  p lo t t ed  versus 

t o t a l  angle f o r  severa l  e l l i p t i c a l  o r b i t  per iods i n  Figure 4. For 

small t o t a l  angles the  cos t  i s  minimized by making t h e  e n t i r e  plane 

change a t  per iaps is .  The t o t a l  cos t  o f  t h e  maneuver (excluding V - Vc) 
1 P 

and the  savings r e l a t i v e  t o  making t h e  e n t i r e  plane change at apoapsis 

a r e  p lo t t ed  i n  Figures 5 and 6. Note t h a t  the ve loc i ty  savings,  f o r  a 

24 hour e l l i p t i c a l  o r b i t ,  range between only 6 and 13 Ft/Sec. 

The optimization of t he  e l l i p s e  l i n e  of apsides o r i en ta t ion  was accom-a 

p l i shed  u t i l i z i n g  numerical techniques. The angle W and t h e  magnitude 

of t h e  hyperbolic excess ve loc i ty  were var ied paramet r ica l ly  a s  inputs  

t o  a computer program which 

based on solut ions t o  conic equations. For each combination of W and 

calculated conditions of t he  t h i r d  impulse 

, t h e  magnitude of AV was minimized by using a numerical search lv4 3 
scheme t o  vary t h e  hyperbola pericynthion a l t i t u d e .  Assuming values 

f o r  a ,  the  values of 8 corresponding t o  each of t h e  se lec ted  values 

of W may be obtained from spher ica l  trigonometry (Figure 2)  by 

' s i n 0  
s i n  W s i n  8 = (3)  

The second impulse ve loc i ty  requirement, assuming a l l  plane change a t  

apocynthion, may be computed from 

AV 2 = 2V a sin 5 8 
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The t o t a l  AV requirement may be computed for each combination of W, CY 

and 8 by adding t o  t h e  above AV2 and AV the  AV for i n j e c t i n g  i n t o  

a 24 hour e l l i p s e ,  1868 Ft/Sec, and subt rac t ing  the  savings poss ib le  by 

3’ 1 

making a por t ion  of t h e  plane change a t  pericynthion (Figure 6)  for t h e  

values of 8 computed using equation (3 ) .  Resul t s  may be p l o t t e d  a s  a 

f-uic+--oii of 8, as s;iowrL in Fig-m?e 7, to &tain tiie ~ , i ~ l - & ~ l  A’{ fai* 8 

given value of Q! . 



V I .  RESULTS 

The ve loc i ty  requirement f o r  the s implif ied opt imizat ion,  described a t  

t h e  beginning of t h e  previous sec t ion ,  i s  shown i n  Figure 8 f o r  an 84 

w U 1  ~ , ~ d ~ b t f ~  d-i f l i g h t  time as a f - a c t i o n  of  e , t h e  angle betweer? t h e  

o r b i t  plane and t h e  departure  asymptote. The t o t a l  AV fo r  t r ansea r th  

i n j e c t i o n  i n  t h e  s impl i f ied  case i s  

7 ----, L---- - - - - -A  

AVTEI = 3375 Ft/Sec + 2 V  s i n  (y . a 

It should be noted t h a t  t he  simplified case AV requirement approaches 

3375 Ft/Sec as a! approaches zero,  which i s  597 Ft/Sec grea te r  than t h e  

s ing le  impulse requirements. 

sma l l  values of (y ) associated with having the  e l l i p s e  l i n e  of apsides  

or ien ted  f o r  minimizing the  plane change angle,  8 ,  r a the r  than minimizing 

t h e  t o t a l  ve loc i ty .  

ve loc i ty  i s  4430 Ft/Sec; and t h i s  does not include a s imi la r  penal ty ,  

s ince  t h e  ve loc i ty  requirement i s  in sens i t i ve  t o  the  l i n e  of apsides 

o r i en ta t ion  f o r  a = 90 . 

This ind ica t e s  t h e  s i z e  of  penal ty  ( fo r  

It should a l s o  be ,no ted  t h a t  for  a =  90' t h e  t o t a l  

0 

For comparison with the  simplified case curve, Figure 8 a l s o  shows t h e  

AV requirement f o r  t he  case where the  e l l i p s e  l i n e  of apsides o r i en ta t ion  

i s  optimized. 



The t h i r d  impulse A V  requirement i s  given i n  Table I a s  a function of 

t h e  angle W and the  t r ansea r th  f l i g h t  time. These d a t a  were obtained 

from so lu t ions  t o  conic equations and serve as a b a s i s  f o r  t h e  s impl i f ied  

optimization r e s u l t s  above, and f o r  t h e  six-parameter optimization 

r e s u l t s  given i n  subsequent paragraphs. 

Figure 9 presents  t h e  three-impulse t r ansea r th  i n j e c t i o n  AV requirements 

a s  a func t ion  of t h e  out-of-plane angle and t h e  t r a n s e a r t h  t r a j e c t o r y  

f l i g h t  time, based on t h e  six-parameter optimization. The t r a n s e a r t h  

t r a j e c t o r y  f l i g h t  t imes indicated do not include t h e  24 hours spent i n  

t h e  intermediate e l l i p s e s .  

Figure 10 presents  a comparison between t h e  two- and three-impulse A V  

requirements f o r  departure from lunar po lar  o r b i t s .  One-impulse coplanar 

d a t a  i s  a l s o  shown. 

s l i g h t l y  d i f f e r e n t  ground r u l e s  than  those  used f o r  t h e  one- and three-  

impulse da ta .  

d i s tance  and an o r b i t a l  a l t i t u d e  of  80 nm. 

i s  f o r  a t r ansea r th  f l i g h t  time of 84 hours so t h a t  with t h e  24 hours spent 

i n  intermediate e l l i p s e s  it i s  comparable t o  t h e  two-impulse da t a  a t  108 

hours. The f igu re  g ives  t h e  t r a n s e a r t h  i n j e c t i o n  AV requirements a s  a 

func t ion  of t h e  longitude of  the  node and as  a function of time i n  lunar 

o r b i t .  The dec l ina t ion  of the  departure asymptote, 6 , i s  assumed t o  be 

zero. 

s ince  t h e  maximum out-of-plane angle poss ib le  with a polar o r b i t  i s  

The two-impulse da ta  (Reference 7)  i s  based on 

The two-impulse d a t a  i s  based upon a maximum earth-moon 

The three-impulse curve shown 

This assumption i s  conservative with respec t  t o  t h e  peak AV values ,  

= goo - , h .  max 



The most c r i t i c a l  time i n  a polar mission of long dura t ion  ( z l O d )  

occurs when t h e  out-of-plane angle i s  near a maximum f o r  departure  

on an 84 hour t r ansea r th  t r a j ec to ry .  The maximum value t h a t  t h i s  

angle can be i s  goo, therefore  t h e  maximum AV of 4424 Ft/Sec i n  the  

84-hour curve of Figure 10 i s  approximately t h e  maximum abort  AV for  

any mission, assuming t h a t  550 Ft/Sec reserves  i s  adequate t o  cover 

Ra.rtr.h-Moon dislxnce variat.ions. A hrezkdom of t h e  rn~xkm. AV is 

given below. 

= 1874 Ft/Sec 

= 4424 

= 550 Avr e serve 

Tota l  AVmax = 4974 Ft/Sec 

A comparison of t he  two- and three-impulse AV requirements shows t h a t  

t h e  three-impulse technique provides a 750 Ft/Sec reduct ion to t h e  

rcaxinum requirement f o r  anytime abort  on long-duration missions.  For 

Lhort-duration missions t h e  maximum reduction might be i n  t h e  ve loc i ty  

l,o abort  immediately a f tc r  l u n a r  o r b i t  insertion. T h c  s n v i n c s  hcrc n rc  

io50 ~ t / ~ r - c ,  985 Y ~ / G ( T  :tnd C io I~Y,,’A’P fo r  coplnnnr lunar  o r b i t  i n se r t ion  

with 60 h r ,  72 h r ,  and 84 hr. t ranslunar  f l i g h t  t imes respec t ive ly .  These 

savings w i l l  be evaluated i n  terms of payload i n  subsequent paragraphs. 

One c h a r a c t e r i s t i c  of t h e  three-impulse curve which might be of i n t e r e s t  

i s  the  r e l a t i v e l y  s teep  slopes before and a f t e r  the  maximum, If t h e  

anytime abort  cons t ra in t  i s  relaxed a t  some time i n  t he  f u t u r e ,  t he  three-  

, 



impulse technique w i l l  provide a g rea t e r  increase  i n  payload c a p a b i l i t y  

f o r  a given period without abort c a p a b i l i t y  than w i l l  t h e  two-impulse 

technique. 

w i l l  increase  t h e  payload capab i l i t y  3000 Lbs with t h e  three-impulse 

technique compared with 910 Lbs f o r  t h e  two-impulse technique. 

For example, postponing abor t  up t o  2 days on a long mission 

Figure 11 presents  the  three-impulse t r a n s e a r t h  i n j e c t i o n  AV requi re -  

ments f o r  po las  o r b i t s  as  a function of t h e  longitude of t h e  node and 

the  t r a n s e a r t h  t r a j e c t o r y  f l i g h t  time. A t ime-in-orbit  sca le  i s  a l s o  

shown, based on a 72-hour t rans lunar  t r a j e c t o r y .  A curve f o r  t h e  one- 

impulse coplanar i n j e c t i o n  i s  a l s o  given. Again, t h e  t r ansea r th  f l i g h t  

times shown do not include t h e  24 hours spent i n  the  intermediate e l l i p s e s .  

The minimum and maximum points i n  t h e  curves represent  plane change angles 

of zero and 90 degrees respec t ive ly .  Notice t h a t  t h e  zero-plane-change 

po in t s  do not l i e  on t h e  single-impulse curve, but a r e  displaced 13.176 

degrees t o  t h e  l e f t  (or 24 hours i n  t ime) due t o  t h e  time spent i n  t h e  

intermediate e l l i p s e s .  

It should be noted t h a t  a t  c e r t a i n  times t h e  v e l o c i t y  requirement t o  use 

a 72 hour t r a n s e a r t h  t r a j e c t o r y  i s  l e s s  than  it i s  t o  use an 84 hour 

t r a j e c t o r y .  

72 hour than  with t h e  84 hour t r a j e c t o r y ,  and t h e  r e s u l t i n g  savings 

This i s  t r u e  because t h e  out-of-plane angle i s  l e s s  with t h e  

exceeds t h e  expense of t h e  f a s t e r  t r a n s f e r .  The increase i n  AV necessary 

t o  use a 60 hour t r a j e c t o r y  i s  not g rea t  i n  some regions because of  a 

s imi la r  savings. Also,  advantage may be taken of t h e  crossing of t h e  

curves t o  s l i g h t l y  reduce t h e  maximum AV required f o r  anytime a b o r t . .  



The payload ( l a b  + experiments) c a p a b i l i t y  as a func t ion  of t r ansea r th  

AV i s  given i n  Figures 12 through 1 5 ,  based upon 2300, 1500, 5000 and 

0 Lbs i n  Sector 1 of t h e  Service Module respec t ive ly .  

t o  configurations defined for  t h e  LOSM Study by t h e  Manned Spacecraft  

Center i n  January 1966 as  Cases I-A and I-B, Cases 11-A and 11-B, 

Case 111-A, and Case 111-B. 

s t a t e d  e a r l i e r ,  t h e  performance i s  based upon Block I1 Command and 

Service Module weights received from MSC and shown i n  Tables I1 and 111. 

To t h e  AV requirements obtained from Figures 9 through 11, t h e  ve loc i ty  

reserves  of 550 Ft/Sec ( f o r  the t r a n s e a r t h  midcourses and lunar d is tance  

and o ther  v a r i a t i o n s )  must be added t o  en te r  Figures 1 2  through 15 .  

These correspond 

I n  addi t ion  t o  assumptions and bas ic  d a t a  

The e f f e c t  on payload c a p a b i l i t y  of using t h e  three-impulse t echn ique .  

on poss ib le  Block I1 ( s h o r t  duration) polar o r b i t  missions may be 

determined by using Figures 10 through 15 .  Table IV gives  some examples 

of advantageous use of t h e  three-impulse technique. 

The Block I1 conf igura t ions  are designed f o r  t o t a l  mission dura t ions  

of 14 days or l e s s ,  therefore  t h e  e f f e c t  of u t i l i z i n g  t h e  three-impulse 

,technique on t h e  payload c a p a b i l i t y  f o r  long dura t ion  missions cannot 

be determined from f igu res  presented i n  t h i s  r epor t .  However, t he  

e f f e c t  can be estimated using a t radeoff  of payload with ve loc i ty  of 

approximately -13 Lb/Ft/$ec. 

mum AV from 5190 Ft/Sec t o  4424 Ft/Sec w i l l  provide an increase i n  the  

payload c a p a b i l i t y  of approximately 9,960 Lb fo r  long duration missions 

with t h e  anytime abort  capab i l i t y .  The two-impulse payload c a p a b i l i t y  

aga ins t  which t h i s  i s  compared may be negative,  a s  w a s  found i n  some 

On t h i s  b a s i s  t h e  reduction of t he  maxi- 

2lock I1 polar o r b i t  missions. 
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T A B U  I 

THIRD IMPULSE AV REQUIREMENTS AS A 

FUNCTION OF W AND TRANSEARTH FLIGHT TIME 

THIRD IMPULSE AV REQUIREMENTS 

60 

Transearth Tra jec tory  F l igh t  T i m e ,  Hours 

1889. o 
1806.7 

1728.4 

1654.5 

72 

1605.7 

1531 0 5 

1456.9 

1382.6 

84 

1507.1 

1437.6 

1367.0 

1295.4 

1281. o 
1252.3 

1223.5 

1194. a 
1166.3 

108 

1450.5 

1384.5 

1317.0 

1248.0 
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TABLE I1 

COMMAND MODULE WEIGHT SUMMARY 

Block I1 
11/1/65 

Weight Ehnpty 

s t i^-fic tilr e 

S&C 

G8GN 

Crew Systems 

Environmental Control 

Earth Landing 

Instrumentation 

Electrical Power 

Reaction Control 

Communications 

Controls and Displays 

Useful Load Expendables 

I 

Crew Systems 

Environmental Control 

Reaction Control 

(9318) 
5374 

188 

366 

85 

424 

620 

38 

1243 

300 

334 

346 

(1282) 

911 

101 

270 

Total CM (10600) 
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TABLE: I11 

SERVICE MODULE WEIGHT SUMMARY 

Weight Empty 

Structure 

E. C. S. 

In st rument at ion 

Electrical Power 

Main Propulsion 

R C S  

Communications 

Uscful Load 

E. C. S. 

E. P. S. 

Main Prop. 

R. C. S. 

Tot a1 

Block I1 
11/1/65 

(7787 1 
4302 

137 

56 

1667 

1208 

503 

850 

838 
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THREE-IMPULSE GEOMETRY 

To scale for 24 h r  ellipse, 

AV3 minimized for W = 90” 
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NOTE 
I) RETU N E D  

A V = 3 6 7 3 f p s  AV=3477fpS A V =  3 2 4 3  i p s  
T L =  6 0 h  TL= 7czt-l T L =  I 0 8 h  

TA WEIGdT= 300LBS 
F O R  T E I  A T  7 DAYS 

2)SM IMPULSE PROPEL 
3 ) S M  ISP=313 S E C  
4 ) S A T U R N  T C A P A a l L l T Y  = 95 060 LBS 

AT 72 hr T L  T I M E .  

$ L C l J i  ADAPTEP, bJElGhr 3800  L8.S 

9 L)3 N M  ORfi IT AL71TU.DE 
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