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ABSTRACT 

This technical note concerns some of the problems 

encountered with the landing of a payload on the moon. 

The main problem areas such as guidance, velocity control 

and impact considerations are discussed. Although no final 

conclusions or designs are intended, it is hoped that the 

material presented will serve as a guide for future detailed 

work. 



TABLE-, OF CONTENTS 

SECTION 11. INTRODUCTION ..................................... 
SECTION 111. DISCUSSION ...................................... 

1.  Fundamenta l  C o n s i d e r a t i o n s  ........................... 
2. Guidance ............................................. 
3 .  E x a m p l e  Guidance  Schemes ------------------a=------- 

4 .  O t h e r  P o s s i b l e  Schemes ............................ 
5. V e h i c l e  D e s i g n  Schemes ............................... 
6. F i n a l  I m p a c t  ......................................... 
7. I m p a c t  V e l o c i t y  V s  D e s i g n  ............................ 
8 ,  P o s s i b l e  D e s - i g n s  ..................................... 

SECTION I V .  CONCLUSIONS ...................................... 
SECTION V. ................................................... 
APPENDIX A. COMMENTS ON PROBABILITY ........................... 
APPENDIX B .  SOLID AND LIQUID PROPELLANT COMPARISON ----------- 

P a g e  

1 



LIST OF ILLUSTRATIONS 

Payload as a Function of Weight on Way for Two 
Propellant Systems -------------------o--------------- 

Active Payload as a Function of Weight on Way 
for Two Propellant Systems ......................... 

Infrared Horizon Seeker ............................ 
Surface Feature Lock-on System ..................... 
Flare Guidance System --------I--------------------- 

Flare-Surface-Feature System ....................... 
Moon Center System ................................. 
Doppler Radar System .............................. 
Rocket Retarded with Integrated Case Spike --------- 
Rocket and Spike Retarded ........................ 
Rocket, Spike and Piston Retarded ------------------ 
Rocket and Shear Retarded 

Rocket and Gas Bag Retarded ........................ 
Physically Triggered Rocket ........................ 
Hydraulically Retarded 

Burning Path Length Deviation ...................... 
Maximum Impact Velocity vs Mean Deceleration ------- 
Deceleration vs Distance for Various Impact 
Velocities 

Design Data for Lunar Landing Vehicles ------------- 



LIST OF ILLUSTRATIONS (Continued) 

~i gur e 

2 2 

23 

Table 

Page 

Multiple Rocket Retardation ......................... 3 3 

General Arrangement, Payload Stage ------------------ 3 5 

Probability Curve ................................... 4 1 

Optimum Deceleration vs Payload on Way -------------- 6 

Sample Weight Breakdown for Solids ------------------ 7 

Sample Weight Breakdown for Liquids ----------------- 7 

Maximum Impact Velocity vs Mean Deceleration -------- 27 

Space Vehicle Weights ............................... 34 

Probability Table - - - - - - - - - - - - - - + - - - - - - - - - - - - - - - - -  4 2 



SECTION I. SUMMARY 

It i s  the  in ten t ion  o f  t h i s  repor t  t o  furnish  ideas ,  not  d e t a i l s ,  
o f  schemes fo r  guidance and landing of a  veh ic le  on the  moon. The ideas 
presented a r e  not  t h e  only ones, but are given a s  guides o r  nuc le i  f o r  
o the r  ideas .  Some o f  these  schemes may have no p r a c t i c a l  value but  may 
l ead  i n t o  ones which do have. 

Conclusions reached a r e  a s  follows: 

1. It appears t h a t  mult i-s tage rocket  r e t a rda t ion  w i l l  be 
necessary t o  e f f e c t  a  s o f t  enough landing. 

2.  A multi-s tage o r  coarse and ve rn ie r  guidance system could 
be used t o  advantage. 

It i s  recommended t h a t  fu r the r  considerat ion be given t o  the  
allowable impact v e l o c i t y ,  the  guidance and re ta rda t ion  needed t o  
e f f e c t  t h a t  v e l o c i t y  and the  veh ic le  design f o r  which above condi t ions  
a r e  c r i t e r i a .  

SECTION 11. INTRODUCTION 

I n  t h i s  technica l  note,  some fundamentals of the  so-ca l led  "soft"  
lunar lander a r e  brought forward. This i s  a pa r t  of a study conducted 
wi th in  ABMA and coordinated by Electro-Mechanical Engineering Branch, 
Guidance and Control Laboratory. The more important r e s u l t s  a r e :  

1. The guidance d i f f i c u l t i e s  t o  insure  a s o f t  landing a r e  
r a t h e r  severe.  

2 .  The system f o r  taking up the  f i n a l  impact shock presents  
d i f f i c u l t i e s ,  s ince:  

a .  The res idua l  impact v e l o c i t y  (magnitude and d i rec t ion)  
is  no t  very well-known. This would then c a l l  f o r  an omnidirect ional  
p ro tec t ion  system which hampers payload u t i l i z a t i o n .  

b. Only "educated guesses" a r e  ava i l ab le  concerning t h e  
p roper t i e s  of the  lunar surface .  

c .  Since the  lunar  landscape i s  f a r  from being smooth, 
t h e r e  i s  a  danger of  r i coche t t ing  i f  by chance impacting occurrs  on a 
s lope.  

3 .  The 500-pound lander seems t o  be near t h e  lower l i m i t  
where a use fu l  payload can be c a r r i e d .  For very l a rge  vehic les  (100 tons)  
t h e  use fu l  payload may go up t o  about 25% of the  approaching weight.  



4 .  These da ta  seem t o  show t h a t  a  manned circumlunar t r i p  o r  
manned lunar s a t e l l i t e  could be launched from t h e  e a r t h ' s  su r face ,  but 
some o t h e r  technique w i l l  have t o  be used f o r  a  manned lunar landing 
with t h e  present  s t a t e  of  t h e  a r t .  

Assume t h a t  a  simple manned, 5-ton veh ic le  i s  t o  land back on 
e a r t h  (See DSP-TM-5-58, Report on t h e  Super JUPITER Junior ,  p. 30). 
The re tu rn ing  v e h i c l e  has upon departure from t h e  moon a weight of  
about 20 tons .  The veh ic le  t h a t  approached t h e  moon f o r  t h e  s o f t  
landing weighed approximately 80 tons .  I f  t h e  launch was from t h e  
e a r t h ' s  su r face ,  then t h e  i n i t i a l  weight of t h e  t o t a l  veh ic le  would have 
been about 10,000 tons .  I n  c o n t r a s t ,  f o r  a  circumlunar f l i g h t  including 
r e t u r n  t o  e a r t h ,  l e s s  than 1,000 tons would s u f f i c e ,  F i f t een  hundred 
tons i s  enough f o r  a  lunar s a t e l l i t e  including the  r e t u r n  t o  ea r th .  

5 .  Present ly  l i q u i d  propellant  braking motors appear more 
promising than s o l i d  propel lant  braking motors f o r  very l a r g e  vehic les  
wi th  payloads of  a t  l e a s t  severa l  tons.  

SECTION 111. DISCUSSION 

1. Fundamental Considerations 

a ,  Veloci ty requirement fo r  braking. From " S a t e l l i t e  
Technology and Space Navigation," DSP-TN-9-58, 9 September 1958, H. Ruppe, 
Chapter 5.2 t h e  following i s  taken: 

The minimum impact v e l o c i t y  of  an unbraked earth-to-moon probe may 
be about 2,320 m/sec, but  f o r  a  p r a c t i c a l  2.3-day-transfer t h e  impact 
v e l o c i t y  goes up t o  about 2,750 m/sec. 

The g rav i ty  l o s s  f o r  a  v e r t i c a l  descent i s  about gT, where g i s  
0.164 go, go i s  n 9.8 m/sec2, and T i s  t h e  burning time o f  t h e  rocket .  
So t h e  i d e a l  v e l o c i t y  requirement i s :  

Vi = 2750 +0 .164  goT [mlsec] 

We can w r i t e :  

Vi = K T  = n goT (6 = mean accelera t ion)  

Then : 

b. Components o f  veh ic le .  The veh ic le  approaching t h e  moon 
c o n s i s t s  o f  t h e  following components. 



(1) Payload. (ml = payload mass, wl = payload weight) 
Here we find the true active payload (measuring device, recorders, etc.), 
then the transmitter and power supply, and structure to carry those 
elements. 

(2) Shock absorption system. (W2 = shock absorption 
weight) The relative weight of the shock absorption system will 
decrease when better guidance systems are used. The result will be 
softer landings. 

(3) Dry motor. = dry motor weight) In the following, 
the masses are called: 

Solid Propellant: Here the mass of the dry motor is between 8 and 
13% of the mass of the fuel used, being 13% for smaller (200 kg) and 
8% for larger (10 tons) units. As an average figure, 10% will be used. 

Liquid Propellant: The dry weight of the motor and feed system 
may be 1/60 of the thrust. The thrust equals n mean vehicle weight, 
which can be estimated to be 86% of the total fuel weight. Therefore, 

We can combine the results for solid and liquid motors by writing 

Where: a  = 0 means : solid propellant 
a =  1 means: liquid propellant 

(4)  Control equipment. (W4 = control equipment weight) 
Attitude control equipment, horizon seeker, etc. constitute this part. 
The radar altimeter which triggers the braking motor is excluded, 

(5) Fuel residuals. (W5 = fuel residual weight) The fuel 
residuals shall be assumed to be 2% of the fuel used. 

(6) Fuel used. (W6 = fuel weight) This is the fuel 
actually used for braking the descent. 

(7) Tankage and vehicle structure. (W61 = tankage and 
vehicle weight)   his is a seperate item in liquid propellant vehicles 
only. Therefore, it is assumed that: 

An interesting conclusion can readily be drawn, the weight of the 
liquid propellant dry system is: 



The s o l i d  p rope l l an t  d ry  system i s :  

which g ives :  

Therefore ,  f o r  l a r g e r  n-values t h e  s o l i d  p rope l l an t  system i s  l i g h t e r ,  
and f o r  smal le r  n-values t h e  l i q u i d  system i s  l i g h t e r .  I n  p r a c t i c a l  
des igns  t h i s  r e s u l t  has been wel l  known s i n c e  usua l ly  i n  t h e  same v e h i c l e  
a  s o l i d  p rope l l an t  motor i s  used a t  a  higher  t h r u s t  l e v e l  than  a  l i q u i d  
p rope l l an t  motor f o r  t h e  same i d e a l  v e l o c i t y  requirement.  (See 
Appendix B . )  

(8) Radar. (w7 = r ada r  weight) This  i s  t h e  r ada r  which 
t r i g g e r s  t h e  braking rocke t .  

l s 4  
go w7 = 3 + -  (,) [kg] , where 

5 

s  = range i n  km. 

There i s  

1 100 which r e s u l t s  i n  go m7 = 3 4- - (-1 
200 n 

The r a d a r  i s  j e t t i s o n e d  from t h e  v e h i c l e  t h e  i n s t a n t  t h e  braking motor 
s t a r t s  f i r i n g ,  This  saves some weight ,  which i s  e s p e c i a l l y  important 
f o r  t h e  l i g h t e r  v e h i c l e s .  

7 

Vehicle  mass approaching t h e  moon: MI = T m i  

Vehic le  mass a t  i g n i t i o n :  M = MI - M7 

Vehic le  c u t o f f  mass: M - m6 

c .  The optimum dece le ra t ion .  From t h e  b a s i c  rocke t  equat ion ,  

V i 
t h e r e  i s  3 = e F, where c  = Isp gb. m 

De ta i l ed :  

- ='A 
m~ 2 + 5 a  

De ta i l ed :  
1 f 1 .Inn. 41  

S o l i d  p r o p e l l a n t :  a =  0 ,  Isp = 260 s e c ,  c  = 2550 mlsec 

Liquid  p rope l l an t :  a =  1, Isp = 300 s e c ,  c  = 2950 m/sec 



500 
with e nC - 500 

- 5  M1 go = W 1  m~ go = W A  3 X = -  loo n can be 

written: 

For a solid propellant: 

This shows clearly, that x should be as small as possible in order to 
make WA as large as possible for a given W1. 

If we assume that n = 20 is an upper limit, then x = 5 and 

It is rather difficult to say, what constitutes a minimum useful WA 
(weight-wise). Tentatively, we can formulate the following list: 

Active payload 5 kg 

Transmitter 5 kg 

Power supply (batteries) 10 kg 

Structure to carry payload 5 kg 

Shock absorption system 15 kg 

Control equipment - 20 kg 

WA min 60 kg 

This leads then to: W1 min = 241 kg 

This casts doubt upon the practicality of a 500-pound (225 kg) - lunar 
landing vehicle. 

For a liquid propellant motor: 

4 3 9 4 ~  - 705 - x 2 Differentiating and putting aa = 0 gives: W1 - 3  = 2L .. 
bx 40 1175 - x2 



Now, the following table can easily be calculated: 

TABLE I 

Optimum Decelerations vs Payload on Way 

So we see that, approximately, Xopt = 5- for Wl <50. lo3 kg; for 

W1 > 50. lo3 kg there is, approximately, Xopt = 25. 

Those results are interesting since they show that for large lunar landing 
vehicles the optimum mean deceleration comes down to values which might 
be acceptable even for manned vehicles. 

Approximately: x WA = (W1 - 3 - ) 0.297 

for w1 < 50.10~ kg: 

for W1 >50. lo3 kg: 

The question then arises, "when is a liquid motor preferable to a solid 
one?" Approximately: 

So we can conclude that liquid propellant motors for braking will be 
more useful for only very large vehicles, beginning with about 10 tons. 

d. Example weight figures. 



TABLE 11 

Sample Weight Breakdown f o r  So l ids  

S o l i d  P rope l l an t  

W1 = 250 + 6.2 10,000 + 6.2 

W7 = 6.2 6.2 

400 - f o r  20 g' s mean dece le ra t ion :  S = - - 20 km, n 

W7 = 3 + 3.2 = 6.2 kg 

Fuel  used:  164.2 657.2 19,710 kg 

Residuals  : 2.3 13 .1  394 kg,. 

Motor dry :  21.2 65.8 1,579 kg 

w~ 62.3 2639 8,317 kg 

Shock absorpt ion:  15 300 500 kg 

Control  equipdent:  20 300 500 kg 

Payload support  
s t r u c t u r e :  5 

Payload : 

Liquid Propel lan t  

W1 - W7 = 10,000 

TABLE 111 

Sample Weight Breakdown f o r  Liquids 



TABLE I11 (Continued) 

Fuel Used 

R e s i d u a l s  

Thrus t  

Engine d ry  

Tankage 

Shock abso rp t ion  250 350 450 kg 

Control  equipment 350 350 600 kg 

Payload support  s t r u c t u r e  100 250 450 kg 

Payload 

Above W1 = 10 tons ,  t h e  l i q u i d  p rope l l an t  braking motor seems t o  be 
s u p e r i o r  t o  t h e  s o l i d  p rope l l an t  motor. 

e .  Remarks on  t h e  v r a ~ h ~ ,  The c a l c u l a t i o n  g ives  d i r e c t l y  WA 
ve r sus  weight on t h e  way (W1). WA has t o  be s p l i t  i n  va r ious  p a r t s :  
shock absorp t ion  systems, c o n t r o l  equipment, payload support  s t r u c t u r e ,  
and payload. Payload i s  p l o t t e d  a s  a percentage o f  W1 i n  F igure  1. For 
small  WA (62.3 kg ) ,  t h e  payload i s  found t o  be on ly  a r e l a t i v e l y  small  
percentage (22.3 kg o r  36%) , but  f o r  l a r g e  WA (29,362 kg ) ,  a ve ry  l a r g e  
percentage (27,862 kg o r  95%) i s  found. Even i f  WA were a cons t an t  
percentage o f  W1, t h e  payload percentage would go down f o r  smal le r  
v e h i c l e s .  Now t h e  payload can be s p l i t  i n t o  f u r t h e r  sub-par t s :  Power 
supply,  t r a n s m i t t e r  and a c t i v e  payload. I n  t h e  example given i n  
Sec t ion  111, Paragraph l c ,  t h e  a c t i v e  payload i s  on ly  f i v e  o u t  o f  20 kg 
o r  25%, and a t  about 15  kg payload (W1 = 188 kg) no active payload can 
be c a r r i e d  a t  a l l .  Again f o r  heavy payloads we could have t h e  fol lowing 
subdiv is ions :  

Power supply 1,000 kg 

Transmi t te r  500 kg 

Act ive  payload 26,362 k g  

Payload 27,862 kg 





Here, t h e  a c t i v e  payload i s  94.5% of  t h e  payload. I n  Figure 2, the  
a c t i v e  payload i s  p l o t t e d  a s  percentage of W1. 

2.  Guidance 

I n  order  t o  so lve  t h e  problems o f  determination o f  t h e  ve loc i ty  
vector  and, l a t e r ,  alignment of  t h e  veh ic le  a x i s  along t h a t  vec to r ,  t h e  
following t h r e e  courses o f  ac t ion  might be taken: 

'1. Insure  s u f f i c i e n t l y  accura te  cutoff  da ta  t o  the  veh ic le .  
, 

2 .  Apply mid-course co r rec t ion .  

3. Employ terminal guidance. 

I n  p rac t i ce ,  a compromise of  t h e  th ree  courses w i l l  probably be made f o r  
a s o f t  lunar  lander ,  

Action (1) above involves the  following d i f f i c u l t i e s :  

1. Cutoff v e l o c i t i e s  t o  about 1.0 mlsec. 

2 .  Guidance e r r o r s  not  t o  exceed about 0 .  lo, 

3. I n j e c t i o n  a t  co r rec t  a l t i t u d e .  

4 .  Correct lead  angle needed (time of  launch). 

5 .  I f  launch i s  ou t s ide  the  lunar plane the  d i f f i c u l t y  i s  
increased.  

The inaccuracies  allowed by a system which demands a lunar h i t  by 
c o n t r o l l i n g  cu to f f  parameters a r e  very low. To insure  the  landing of  
t h e  v e h i c l e  wi th in  a p a r t i c u l a r  a rea  on the  moon requires  even more 
s t r i n g e n t  requirements. For t h i s ,  some o the r  scheme w i l l  probably be 
necessary.  This scheme could be a mid-course guidance system t h a t  
c o r r e c t s  t h e  veh ic le  sometime during i t s  f l i g h t  time. This  could be 
accomplished by various methods such a s  the  system proposed by M. W. Hunter 
i n  reference  12a. 

Another mid-course guidance scheme i s  described i n  Figure 3 .  It 
could be o f  some use  i n  t h e  ac tua l  working design o f  such a system. 

The f i n a l  guidance w i l l  play a major r o l e  i n  t h e  accomplishment o f  
any space mission,  p a r t i c u l a r l y  t h a t  of  the  lunar lander.  Various 
schemes a r e  described which might provide t h e  nucleus of  an idea  f o r  
an a c t u a l  working system. 

3. Example Guidance Schemes 

a .  Mid-course guidance scheme. I f  the  veh ic le  path (Fig. 3) 
i s  along path (1) so t h a t  a t  pos i t ion  (a) t h e  viewer on board sees t h e  





FIGURE 3. MID-COURSE GUIDANCE ScHEPE 



l una r  d i s k  on a  screen  below, a s  i n  Figure 3b, then t h e  d i s t a n c e  from 
v e h i c l e  t o  moon i s  known. I f  a  t imer i n d i c a t e s  t h e  f l i g h t  t ime,  then 
t h e  v e l o c i t y  and t r a j e c t o r y  i s  a l s o  known. I f  t h e  v e h i c l e  f l i g h t  path 
was a long  pa th  (2) so t h a t  t h e  d i s k  i s  viewed a t  ( b ) ,  then  another  s e t  
o f  parameters a r e  known about t h e  t r a j e c t o r y .  When t h e  d i s k  i s  picked 
and cen te red  i n  t h e  viewer,  an a t t i t u d e  gyro i s  s e t  i n t o  motion t o  hold 
t h a t  a t t i t u d e  f o r  a  c e r t a i n  time i n t e r v a l .  A t  c e r t a i n  t ime i n t e r v a l s  
l a t e r  t h e  viewer picks up t h e  p i c t u r e  a s  shown i n  F igure  3c so t h a t  
t h e  fol lowing i s  known: The v e h i c l e  has approached a  c e r t a i n  d i s t a n c e  
i n  t ime ( t )  a long t h e  p reca l cu la t ed  path.  I f  t h e  p i c t u r e  i s  viewed a s  
i n  F igure  3d then  t h e  d i s t a n c e  a s  wel l  a s  t h e  angle  between v e h i c l e  
a x i s  and l i n e  of  s i g h t  a r e  known. This  can g ive  t h e  needed c o r r e c t i o n  
informat ion  t o  t h e  veh ic l e .  An accuracy o f  on ly  rough magnitude need 
be r e a l i z e d  f o r  t h i s  t o  be u s e f u l ,  

A modi f i ca t ion  on t h i s  system could be f o r  t h e  viewer t o  c o n s t a n t l y  
look a t  t h e  d i s k  and c a l c u l a t e  t h e  change i n  t h e  ang le  between t h e  l i n e  
o f  s i g h t  and t h e  space-f ixed a x i s  of  t h e  v e h i c l e .  This  could be computed 
t o  g ive  t h e  c o r r e c t  alignment f o r  t h e  v e h i c l e  a x i s  t o  co inc ide  w i t h  t h e  
v e l o c i t y  vec to r  and be p e r i o d i c a l l y  co r r ec t ed  u n t i l  t e rmina l  guidance 
could t a k e  over .  

Any usab le  mid-course guidance system should be viewed as on ly  a  
rough and approximate guidance. It should se rve  a s  t h e  i n i t i a l  phase 
o f  a v e r n i e r  guidance, t h e  mid-course being t h e  main guidance and t h e  
t e rmina l  t h e  v e r n i e r  guidance. This  compromise might reduce t h e  weight 
o f  a system more than  would be  t h e  case  i f  e i t h e r  was taken a s  t h e  
e n t i r e  system. 

b .  I n f r a r e d  horizon seeker .  With t h e  use  o f  an i n f r a r e d  
hor izon  seeker  a s  a t  1 (Fig. 4 )  looking a t  po in t s  A and B y  angles  1% 
and XR can be measured. By t h e  u s e  of  a rudimentary computer, they  can 
be made equal  u s ing  a t t i t u d e  c o n t r o l  rocke t s .  This  g ives  t h e  l o c a l  
v e r t i c a l .  Then us ing  a r ada r  a l t i m e t e r ,  t h e  v e r t i c a l  v e l o c i t y  component 
can be  determined. This  component can then  be r e t a rded  by a braking  
rocke t .  I f  t h e  d i r f t  v e l o c i t y ,  Vx, i s  t o  be r e t a rded ,  some o t h e r  method 
must be  found t o  f i n d  t h a t  component and then  o r i e n t  t h e  rocke t  i n  t h a t  
a t t i t u d e .  

c .  Sur face  f e a t u r e  lock-on system. A t  po in t  A of  F igure  5 ,  
t h e  v e h i c l e  i s  a r r i v i n g  a t  v e l o c i t y  V o r i e n t e d  a s  a t  A.  By u s e  o f  a  
hor izon  seeker  and us ing  a t t i t u d e  c o n t r o l  r o c k e t s ,  t h e  v e h i c l e  i s  
o r i e n t e d  as a t  B. Here,. a  r ada r  f i x e s  on t h e  n e a r e s t  prominent ground 
f e a t u r e  and ang le  B 1  i s  measured. A t  po in t  C t h e  same f e a t u r e  then  g ives  
ang le  B2 between t h e  f e a t u r e  seeker  and t h e  l o c a l  v e r t i c a l .  Then B 1  + B2 
equals  t h e  t o t a l  ang le  change. The r ada r  g ives  t h e  v e l o c i t y  v e r t i c a l  t o  
t h e  ground. Knowing angle  B 1  and s i d e  a l ,  s i d e  b l  i s  found. As t h e  
v e h i c l e  moves t o  pos i t i on  C ,  angle  W2 i s  found. Radar g ives  a2  so  t h a t  
b2 i s  found. Na tu ra l ly  bl + b2 = x ,  a l  - a2  = y,  and s i n c e  z i s  p a r a l l e l  
t o  B-C, angle  A1, equa ls  h 2 .  This  t r i a n g l e  g ives  a l l  t h e  elements and 
by t h e i r  s o l u t i o n  one f i n d s :  The v e r t i c a l  v e l o c i t y  Vy, t h e  d r i f t  



F I G U R E  b. INFRARED HORIZON SEEKER 



FIGURE 5. SURFAS FEATURE LOCK-ON SYSTEM 



veloci ty  Vx and the angle through which the vehicle must be turned. As 
a check, veloci ty  V can be calculated frsm distance Z and time t .  By 
the t h e  it  takes the vehicle t o  reach B, the vehicle i s  reoriented so 
tha t  the  braking impulse i s  along the veloci ty  vector. Only the 
remaining veloci ty  (inaccuracies of system) and tha t  acquired by the 
f r ee  f a l l  from burnout o f , t h e  braking rocket w i l l  have to  be compensated 
for i n  impart. The e r rors  incurred by t h i s  method a re  small because 
the angles a r e  ra ther  large and the time in te rva ls  small, 

d,  Flare  guidance system. A t  point (1) i n  Figure 6, the 
vehicle arr iving a t  velocity Vl has been aligned with the local  
ve r t i ca l  by using an a t t i t ude  rocket i n  conjunction with the horizon 
seeker. Here the vehicle f i r e s  a f l a r e  along the direct ion of the local  
ve r t i ca l  a t  a r e l a t i ve  velcrcity Vr.  This gives the f l a r e  a t o t a l  veloc- 
i t y  o f  Vf, ax the or ig ina l  VI plus the increased velocity along the 
local v e r t i c a l .  The f l a r e  is  tracked by a seeker i n  the vehicle.  Of 
caurae, it sees the f l a r e  as i f  i t  were on the local  ve r t i ca l  u n t i l  
impakf: 02 the f l a r e  a t  (1). At point (A) an al t imeter  takes o reading 

I and a timer i s  initgatzed, A t  point (B) the timer indgcates the time 
from A t o  B, the altbraetex areosurar elritude again giving the ve r t i ca l  
distance A-C travelad,  and the angle all i s  meeersred, This angle gives 
side C-13 and angle a2. From these meoeuraente, the ve r t i ca l  and 
horizontal compments of the veloci ty  a r e  computed, From these 
components, the angle a) through which the a t t i t ude  must be changed 
i s  computed and the or iginal  velocity 7F1 is found. Then the retardation 
rocket can be fixed.  

e. Flare-surface! feature ayatsm. The vehicle or iented a t  A 
i n  Figure 7 by a k o r i z ~ n  seeker f i r e s  a f l a r e  alang the local  ve r t i ca l  
with s velac i ty  r e l a t i v e  t o  the vehicla of a knownAV. A t  paint B a 
seeker measures the angle cr, between the flow a t  impact (I) and a 
mtuxal land m k  which has been tracked s ince the f l a r e  was f i r ed .  By 
computation, a l l  of the  elements a r e  found. Vx = AV tan u, gives the d r i f t  
veloci ty;  Vp = VF cos a -A\l gives the ve r t i ca l  velocity.  This method 
involves a computer but not a memory device. 

f .  Moon-center system. Velocity V 1  i s  found by referencing 
the time to  reach a cer ta in  distance from the moon (Fig. 8) .  By again 
measuring the  local  ve r t i ca l  a t  position B as was done-at p s i t i o n  A ,  
the angle 3'2 i s  found which gives angle Y1. This then determines 
elements V2 and h which i n  turn gives the d r i f t  velocity Vn (Vn = V2 s in  A ) .  
However, t h i s  method demands extremely accurate measurements of the  
angle 72, which is  of the order of 2 seconds of arc .  

g. Doppler radar system_, By use of a doppler radar which 
scans the  ground i n  two perpendicular planes, the direct ion of maximum 
frequency s h i f t  i s  found (Fig. 9 ) .  This direct ion i s  also the direct ion 
of the  veloci ty .  The vehicle i s  then oriented to  tha t  di rect ion,  the  
braking impulse given and the  veloci ty  reascertained. With vernier 
controls ,  t h i s  can be repeated u n t i l  the f i na l  veloci ty  i s  of any 



FIGURE 6* FLARE GUIDANCE SYSTEM 



FIGURE 7 EZARE-SURFACEFEATURE SYSTEM 



FIGURF: 8. MOON CENTER S Y S m  



FIGURE 9. DOPPLER RADAR SYSTEM 



d e s i r e d  magnitude. The accuracy of  t h i s  method i s  about 0 .5  t o  1% i n  
A f ,  and 0.2% i n  angle.  At present  t h e  weight i s  roughly 85 pounds f o r  
a  range o f  100,000 f t .  This  f i g u r e  can probably be reduced cons iderably .  

4. Other Poss ib l e  Schemes 
.. 

Other schemes which do no t  appear p r a c t i c a l ,  on t h e  su r f ace  
but  might induce ideas  of  some schemes which a r e  p r a c t i c a l  a r e  a s  
fo l lows  : 

(1) The sweeping ou t  o f  ion ized  p a r t i c l e s  w i th in  t h e  lunar  
atmosphere i s  considered.  This  might i n d i c a t e  t h e  d i r e c t i o n  of  t h e  
v e l o c i t y  v e c t o r  i f  enough p a r t i c l e s  a r e  impacted upon a revolv ing  
p l a t e .  The d i r e c t i o n  of  maximum impacts might i n d i c a t e  t h e  t r u e  
d i r e c t i o n  o f  v e l o c i t y .  The p l a t e  might be charged and t h e  p o t e n t i a l  
d i f f e r e n c e  might i n d i c a t e  t h e  presence of  an unbalanced system and 
po in t  t o  t h e  v e l o c i t y  d i r e c t i o n .  Some way might be devised t o  u t i l i z e  
t h e  presence o f  p a r t i c l e s  which make up t h e  lunar  atmosphere. However, 
t h e  extreme th inness  of  t h e  luna r  atmosphere makes t h i s  p o s s i b i l i t y  
remote. So la r  r a d i a t i o n  and micrometeori tes  should be taken i n t o  
account .  

(2) Another poss ib le  scheme suggested i s  t o  e j e c t  a  r ibbon o f  
extremely low dens i ty  t o  be de f l ec t ed  a s t e r n  of  t h e  approaching v e h i c l e .  
This  means t h a t  t h e  atmosphere must impart a  dynamic pressure  on t h i s  
m a t e r i a l  which i t  does no t  do s u f f i c i e n t l y  f o r  t h i s  method. A gas 
could be r e l ea sed  and t h e  d i r e c t i o n  of  i t s  motion would be opposFLe 
t h e  v e h i c l e ' s  motion. That a l s o  depends on a i r  dens i ty ;  t h e r e f o r e ,  
i t  probably would not  work wi th  t h e  t h i n  lunar  atmosphere. 

(3) The p o s s i b i l i t y  o f  u t i l i z i n g  t h e  magnetic f i e l d  of  t h e  
moon ( i f  i t  has one) has  been suggested a s  a  poss ib l e  method t o  f i n d  
t h e  t r u e  s p a t i a l  a t t i t u d e  of  t h e  v e h i c l e .  

5 .  Vehicle  Design Schemes 

Some simple schemes a r e  s e t  f o r t h ,  more a s  i deas  than  proposa ls ,  
f o r  t h e  f i n a l  r e t a r d i n g  s t a g e  of  t h e  lunar  landing v e h i c l e ,  The type  
o f  des ign  w i l l  depend upon many f a c t o r s  which cannot be s p e c i f i e d  u n t i l  
a s p e c i f i c  payload i s  designated.  

a .  F igure  10. This  i s  a simple type v e h i c l e  which is r e t a r d e d  
by rocke t  impulse. The f i n a l  shock i s  taken up by t h e  case  o f  t h e  
expended rocket  which a c t s  a long t h e  pene t r a t ion  p r i n c i p l e .  A s e r i e s  
o f  pene t r a t ion  sp ikes  a r e  incorpora ted  i n t o  t h e  cas ing  w a l l ,  g iv ing  
r e t a r d a t i o n  a l s o  through crushing ,  

b .  Figure 11. This  type  i s  s i m i l a r  t o  t h e  one i n  F igure  10 
and i s  s i m i l a r  t o  t h e  Rand sp ike  proposal .  It has a s ingle  sp ike  
loca t ed  wi th in  t h e  propel lan t  g ra in  o f  t h e  f i n a l  s t a g e  rocke t .  The 
expended case  and sp ike  absorb t h e  landing shock. 



c. Figure 12. A piston fitted with a penetration spike absorbs 
the. landing impact. The combination can be applied with a retardation 
rocket also. 

d. Figure 13. A series of shear pins and crushable chambers may 
be used for final impact. Again, the gross amount of the landing energy 
may be absarbed by a braking rocket. 

e. Figure 14. An inflated bag ef liquid Fsr gas similar to the 
gaseous bags z r  parachute drops could be used ta absarh final impact. 
The retaxdation rocket can be utilized to advantage here also. 

I 

f. Figure 15. Rocket impulse altrne pravides the braking, The 
initial impulse could be started at a specified altitude with the final 
shsrt impulse triggered by means of sensors that pr~trude below the 
rucket nozzle. 

g, Figure 16. The final impact can be taken up by hydraulic 
ahsarption gear, with the major portion having been taken up by the 
retardatfun mcket. 

h, F I ~ u r e  The omnidirectianal impacting device can be 
mads rirf crushable material, Pluid, or aa gas, halrprded by a container, 
Payload on this type is Eacsted canttally. 

Each a f  the first seven types s f  landing vehicles has these distinct 
criteria; the accurate vclo.c.ity vector must be known, the attitude of 
the vehicle must be contmollsd before the racket is firied (retardation 
rocket), and lastly, the impact velocity must be c~ntrolled to within 
given limits in order for the impact absorption device ta be within 
weight limitations. These three criteria must be optimized for each 
vehicle csnfiguratian in order to obtain the maximm performance from 
the lunar landing vehicle. 

The eighth type of lander might have an application since the first 
two criteria above need nbt be observed rigidly, D e  omnidirectional 
impact protection might inmlve added complications in payload 
utilization, 

6. Final Xmpact 

One prcblem that wnfronts the lunar landing i s  to attain zero 
velocity relative to the vehicle and the moon at lunar surface. Using 
a single stage retardation rocket, it Is improbable that zero velocity 
and zero altitude is accomplished simultaneously without impact. Either 
burnout will occur above the surface or it will occur after the vehicle 
has impacted, Each of thew cases results in a velocity. For a given 
deceleration, there is a best design point for cutoff altitude if the 
relative velocity is to 'be kept as low as possible upon impact. 



Figure  10 

ROCKET RETARDED WITH 
INTEGRATED CASE SPIKE 

Figure  12 

ROCKET, SPIKE AND 
PISTON RETARIlED 

Figure 11 

ROCKET AND S P I E  RETARDED 

Figure  13 

ROCKET AND SHEAR RETARDED 



Figure 

ROCKET AND GAS 
BAG RETARDED 

Figure 15 

Figure 16 

HYDRAULICAUY RETARDED 

PHYSICALLY TRIGGERED ROCKET 

Figure 17 

OMNIDIRECTIONAL PACKAGE 



The v e l o c i t y  which might r e s u l t  from burnout too soon should be 
equal t o  t h e  v e l o c i t y  which might be encountered i f  burnout occurred 
too l a t e  i n  order  t o  minimize i t s  maximum poss ib le  value. The assumptions 
taken t o  resolve  t h i s  problem a r e :  

(1) Exact 3,000 m/sec lunar approach v e l o c i t y ,  

(2) No e r r o r  i n  the  prec ise  moment of  rocket  r e t a rda t ion  
i g n i t i o n .  

(3) Al t i tude  of  i g n i t i o n  i s  exact ly  a s  design value.  

(4) Approach path i s  perpendicular t o  surface .  
# 

O f  course,  none of  the  above a r e  met, but i f  i t  i s  shown t h a t  under 
t h e s e  i d e a l  condit ions t h e  expected impact v e l o c i t y  i s  ye t  too high f o r  
a  s o f t  landing lunar veh ic le ,  then i t  c e r t a i n l y  w i l l  not reduce t h a t  
v e l o c i t y  when ac tua l  condit ions a r e  considered, The ana lys i s  i s  
s i m p l i f i e d  wi th  t h e  i d e a l  assumptions; however, a  more thorough ana lys i s  
us ing  a c t u a l  d ispers ions ,  e r r o r s  and to lerances  should be made before 
an a c t u a l  veh ic le  i s  designed. Assigning a Ko" l i m i t  t o  e r r o r s ,  the  
general  problem can be resolved i n  terms of braking d i s t ance  and 
acce le ra t ion .  I f  on Figure 18 t h e  Ko l i m i t  on e r r o r s  can r e s u l t  i n  
burnout from point  (1) t o  point (2) ,  where i s  t h e  design point  (3)? 

Let  t h e  f i n a l  decelera t ion  be mgo wi th  the  lunar g rav i ty  equal t o  
0.164 go. Then: 

~2 = J2.mgo (KO - h) ; fo r  ~1 = ~2 

Distance t raveled  during braking equals:  

s = 4003000 meters n 

m = f i n a l  decelera t ion ,  n = m12.5 = mean dece le ra t ion .  

This i s  found from t h e  a r r i v a l  ve loc i ty  (3,000 m/s) and the  decelera t ion  
assumed . 

The burning t i m e  d ispers ion  under temperature cont ro ls  i s  about 1% 
f o r  rockets  f ab r i ca ted  with care .  This i s  a  good average f i g u r e  which 
can be taken f o r  s o l i d  propellant  rockets  which a lunar  lander would use.  
Therefore, we can ass ign  a- = 1% o f  S .  

*See Appendix ' A '  



FIGURE 18. BURNING PATH LENGTH DEVIATION 



Then : 

K x 4000 - meters n 

Using the altitude and the acceleration the velocity is determined: 

Vma, impact = 160 

Assuming that K = 1, 2, 3 and the deceleration (n) = 5, 10, 20 the 
following table can be formulated: 

TABLE PV 

Max Impact Velocity vs Mean Deceleration 

Figure 19 is taken from Table IV. From the table or the curve, it can 
be seen that even under "idealized" conditions, the impact velocity may 
be too high for a soft landing lunar vehicle, For practical systems, 
it appears that the landing vehicle. must utilize either a multi-level 
thrust rocket or a multi-stage rocket. If this is not done, perhaps a 
closer control over path length deviation can be accomplished. Yet, the 
utmost limit would appear to be 0.1%, and this still gives over 45 m/sec 
impact velocity for n = 5 and K = 3. 

7. Impact Velocity Vs Design 

The problem of bringing a scientific payload to rest on the 
lunar surface in working condition is a straight-forward application of 
basic principles. The complexity of the problem is strictly a function 
of the demands imposed by the final approach conditions. The problem 
in general involves three basic parameters: (1) deceleration limits, 



FIGURE 19 

MAXIMUM IMPACT VELOCITY 
vs 

MEAN DECELEFUTION 



(2) spatial attitude of the approaching vehicle, and (3) final approach 
velocity. 

a. Deceleration. As shown in Figure 20, the maximum allowable 
deceleration is the major factor controlling the amount of impact pro- 
tection required. As the allowable deceleration limit is reduced, for 
a given impact velocity the travel distance through which the deceleration 
must take place must increase. As this travel distance increases, the 
amount of shock absorbing material required will increase whether it be a 
spike or a deformable-body-type shock absorber. 

The maximum allowable deceleration is dependent upon the type of 
payload under consideration. For small, compact instrument packages, 
an upper limit of 1,000 g's is reasonable. As the weight and complexity 
of the landing vehicle increases, the maximum deceleration limit will 
decrease rapidly. This decrease is imposed by structural limitations 
rather than the limitations of the individual components. In the lower 
limiting case of a manned vehicle which must land and eventually lift 
off, the upper deceleration limit will probably be imposed by structural 
limitations since excessive shock absorption equipment would constitute 
a severe weight penalty. 

be Spatial attitude. The final attitude or orientation of 
the approaching vehicle will be the governing factor in regard to the 
type of shock absorbtion system selected. If the longitudinal axis of 
the vehicle can be oriented within tolerances of 22 degrees with the 
velocity vector, the penetration spike is the simplest and most logical 
choice. If these close spatial attitude tolerances cannot be achieved, 
a multi-directional shock absorption system will be required. This 
type system results, for omnidirectional protection, in a spherical 
shape with the shock absorbtion material surrounding the payload. This 
approach will eliminate the spatial attitude problem, but may interfere 
with the deployment of payload apparatus, radio transmission, etc. 
This solution bears, along with it's increased reliability, a weight 
penalty . 

c. Approach velocity. Final apprsach velocity vector 
orientation will be an important factor in the selection of a shock 
absorption system. The reliability of the penetration spike decreases 
as the horizontal component of the velocity increases. Since composition 
of the lunar surface is undetermined, the worst conditions, which would 
be hard rock, must be assumed. If the apprsach velocity vector makes 
an angle of more than 30' with the local perpendicular, (assuming 
vehicle alignment of 22  degrees) the penetration spike becomes ineffective. 
Since the lunar surface may be extremely rugged in the impact area, 
these imposed tolerances drastically reduce the reliability of the 
penetration spike. The multi-directional shock absorption system, with 
its previously mentioned disadvantages, is relatively independent of 
approach conditions. 





I n  genera l ,  t h e  type of  shock absorption system se lec ted  w i l l  
depend upon t h e  degree of  a t t i t u d e  and f i n a l  v e l o c i t y  con t ro l  which can 
be achieved, 

The magnitude o f  the  impact ve loc i ty  of  the  vehic le  i s  the  over- 
a l l  governing fac to r  regardless  o f  type of shock absorption system 
se lec ted .  It i s  bel ieved t h a t  the  most d i r e c t  approach i s  from an 
energy standpoint  a s  fol lows:  

Ek = Tota l  energy o f  impact body 

m = mass of  body 

u = f i n a l  impact v e l o c i t y  of  body 

F = decelera t ing  force  

S = d i s t ance  through which decelera t ion  takes place 

The work done may be t h e  work required t o  d r i v e  t h e  penet ra t ion  sp ike  
i n t o  t h e  lunar su r face  o r  the  work required t o  crush a deformable body 
surrounding t h e  payload. 

I n  e i t h e r  case ,  i t  i s  equal t o  $ F d s  where F i s  the  r e s i s t a n c e  of 
t h e  lunar  ma te r i a l  o r  t h e  force  required t o  deform t h e  protec t ing  
mate r i a l .  I n  n e i t h e r  case  w i l l  t h i s  force  be cons tant ;  the re fo re ,  we 
can only  assume a constantdeceleration i n  the  most i d e a l  case.  The 
shape o f  t h e  decelera t ion  curve w i l l  be a function of  t h e  lunar  surface  
composition and i s  the re fo re  unpredictable.  For ca lcu la t ion  o f  a 
deformable body, a cansaantdecelkration may be assumed, but a margin o f  
s a f e t y  must be included. 

8. Poss ib le  Designs 

A poss ib le  approach t o  t h e  design of a veh ic le  i s  shown i n  
Figure 21. I n  t h i s  approach the  payload i s  protected on a l l  s i d e s ,  and 
t h e  dece le ra t ion  i s  accomplished over t h e  d i s t ance  which t h e  deformable 
ma te r i a l  i s  displaced.  Figure 22 descr ibes  a modified spike  vers ion  
wi th  a l a r g e r  payload. By proper s e l e c t i o n  of  path length and mate r i a l  
s t r e n g t h  t h e  e n t i r e  k i n e t i c  energy of  t h e  impact body may be absorbed. 



DESIGU DATA EDR LUNAR LANDING VIHIICIS 

FIGURE 21 

Solid Ropell.1L;t 
Betro Rocket 

L~ayload 
Attitude Control 

Crash Protection 
Horison Seeker 

500 Lb VERSION 

MAIN DATA: 

T~~ a. ..................... 505 lb. PBPLOAD -- 30 lb. 

Motor Me -------i------------ 40 lb. 

Structure ------------------- 20 lb.  

Attitude Control -------------- 9 lb.  

SOOO lb.  VWSfOEJ (See next page) 

MAIN DbTB: 

~ ~ t d  wt. ---------------------- !3000 lb. PAYLOAD --- 323 lb* 

Motor tit. (combined) ----------- 459 lb.  

Structure (including spike) ---- 325 lb* 

~ttitudre Control & vernier ----- 500 lb. 
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I n  t h i s  vers ion  t h e  payload may sepa ra te  upon impact and thus  t h e  
energy of  t h e  payload and protec t ion  w i l l  have t o  be absorbed by t h e  
shock absorber .  The main advantage o f  t h i s  method i s  i t s  independence 
of  approach ang le  and veh ic l e  a t t i t u d e ,  

The Rand proposal f o r  a iunar  lander  which u t i l i z e s  a sp ike  f o r  
absorbing up t o  500 fps  impact v e l o c i t y  i s  described i n  Rand Corporation 
Report RM-1720 and Report 1725. Tabel V and Figure 23 descr ibes  t h i s  
veh ic l e .  I n  t h e  former r e p o r t  of  28 May 1956, i t  i s  s t a t e d  t h a t  guidance 
e r r o r s  w i l l  con t r ibu te  t o  t h e  d r i f t  v e l o c i t y  (ve loc i ty  tangent t o  t h e  
moon's sur face)  of  t h e  landing veh ic l e ,  This i s  assuming a 3 a l i m i t  
on guidance e r r o r s .  But t h e  landing sp ike  i s  designed upon only t h e  
v e r t i c a l  v e l o c i t y  component of t h e  t o t a l  v e l o c i t y  vec to r .  The l a t t e r  
r e p o r t  of 4 June 1956 gives f o r  t h e  t o t a l  allowable l a t e r a l  v e l o c i t y  
component a va lue  of  2 t o  3 percent of  t h e  a x i a l  v e l o c i t y  component. 
This would l i m i t  t h e  l a t e r a l  v e l o c i t y  t o  15 fps  a t  t h e  maximum. Also 
t h e  angle of body a x i s  wi th  t h e  su r face  has t o  be g rea te r  than 60°, 

Random e r r o r s  i n  t h e  approach may inc rease  t h e  l a t e r a l  v e l o c i t y  
up t o  500 f p s  (a tangent h i t ) .  There i s  no assurance t h a t  spinning 
w i l l  maintain t h e  des i r ed  a t t i t u d e  upon impact because it i s  no t  known 
a t  t h a t  t ime, Also the  l ike l ihood of  impacting upon l e v e l  ground i s  
s l i m .  Therefore, one f e e l s  dubious about t h e  u t i l i t y  of t h e  scheme as i s .  

The two r e p o r t s  i n  themselves a r e  f a i r l y  comprehensive but  put 
toge the r ,  t h e  conclusion one gains from them i s  t h a t  t h e  Rand 
Corporation has ,  i n  a s  many words, shown t h a t  t h e  penet ra t ion  sp ike  
p r i n c i p l e  has a severe  l i m i t a t i o n - - t h a t  of v e r t i c a l  impact wi th  v e l o c i t y  
vec to r  and sp ike  a x i s  al igned p e r f e c t l y  near  t h e  p a r a l l e l .  

TABLE V 

Space-Vehicle Weights (Rand) 
(All va lues  i n  pounds) 

Braking-rocket propel lant  

Rocket nozzle and case  

Landing sp ike  

Outer s t r u c t u r e  

Spin and v e r n i e r  assembly 

Radio equipment 

B a t t e r i e s  





TABLE V (Continued) 

Instrument  payload assembly 

Gross ( a t  end of  power f l i g h t )  

Less  j e t t i s o n e d  components 

Gross ( a t  s t a r t  o f  landing  phase) 

Gross ( a t  touch-down) 

SECTION I V .  CONCLUSIONS 

It i s  concluded t h a t  t h e  l i q u i d  motor i s  b e t t e r  f o r  t h e  braking 
o f  a  l una r  landing  v e h i c l e  only  when t h e  weight i s  above t h e  18,000- 
pound c l a s s .  This  s i z e  v e h i c l e  s o f t  l ands  about 18.75% of  t h e  18,000 
pound which approaches t h e  moon. Below t h e  18,000-pound approaching 
weight ,  t h e  s o l i d  rocke t  engine appears  more favorable .  P r a c t i c a l  
des igns  may s h i f t  t h i s  t r a n s i t i o n  po in t  some, bu t  low payloads a r e  
b e t t e r  braked wi th  s o l i d  p rope l l an t  engines and l a r g e  ones w i t h  l i q u i d  
p rope l l an t  engines.  

Due t o  t h e  l i m i t a t i o n s  of  c u t o f f  parameter accu rac i e s ,  t h e  
conclusion i s  reached t h a t  m u l t i p l e  guidance i s  necessary  t o  i n s u r e  t h e  
landing  o f  t h e  v e h i c l e ,  e s p e c i a l l y  i f  a  p a r t i c u l a r  a r e a  i s  d e s i r e d  on 
t h e  moon, 

Inaccu rac i e s  i nhe ren t  i n  t h e  v e h i c l e  and sens ing  components appear 
t o  d i c t a t e  t h e  use  of  mu l t i - s t age  o r  c o n t r o l l a b l e  t h r u s t  r e t a r d a t i o n  
rocke t s .  Th i s  complicates  v e h i c l e  design and t h e r e  seems t o  be no one 
b e s t  v e h i c l e  design f o r  a l l  s i z e s  of  v e h i c l e s ,  

It i s  a l s o  concluded t h a t  f o r  each v e h i c l e  weight range t h e r e  can 
be  found an optimum design inc luding  guidance, s t r u c t u r e  and propulsion 
( r e t a r d a t  ion)  . 

I t  is  l a s t l y  concluded t h a t  d e t a i l e d  ana lyses  o f  systems and 
des igns  should be cont inued.  

SECTION V. RECOMMENDATIONS 

It i s  recommended t h a t  t h e  fol lowing a r e a s  be s tud ied  and 
analyzed be fo re  f i n a l  dec i s ions  a r e  rendered on veh icu la r  des ign:  

1. Tra j ec to ry  s t u d i e s  should be c a l c u l a t e d  more p r e c i s e l y  and 
a n a l y s i s  made o f  such. 



2. Analysis of velocity and guidance tolerances at injection 
should be performed and their bearing upon vehicle design considered. 

3 .  Multiple guidance versus single guidance should be 
analyzed as to complexity and increased probability of mission success. 

4. Braking rocket controls and systems should be studied to 
accomplish allowable impact velocities. 

5 .  Guidance and propulsion should be mated and optimum 
conditions sought between systems, for the ascending phase as well as 
the descending phase (from earth launch to lunar landing). 

6. Landing gear design should be studied with a view to gain 
optimization of mission. 

7 .  Design of the payload structure and the payload itself 
should be studied in order to facilitate sound analysis of the previous 
areas. 
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APPENDIX A 

COMMENTS ON PROBABILITY 

Given observa t ions  o f  11, 12, 1 ,... ln which a r e  d i f f e r e n t  on ly  
because o f  random in f luences ,  then  tI?e t r u e  observa t ion  i s  approximately: 

The mean e r r o r  o f  one s i n g l e  observa t ion  i s :  

The mean e r r o r  tf of  dk i s  o f  course sma l l e r :  

k 
Q 

c Q  
Therefore ,  i f  $ = L i s  taken a s  t h e  design va lue  o f  "burning 
length1' ,  then  : 

The p r o b a b i l i t y  o f  observing L between t h e  i n t e r v a l  a . . . b  (see f i g u r e  24) 
i s  : 

b -L - 
(5 

1 Gauss-Laplace 
P = -  J 

f i  
e Random e r r o r  law 

o r  i f :  

Then t h e  p r o b a b i l i t y  o f  a dev ia t ion  f o r  L between %a 



DES/GN, L 
VAL UE 

FIGURE 24.. PROBABILITY CURVE 



In tabular form: 

TABLE VI 

Probability Table 

% of observations within interval 



APPENDIX B 

SOLID AND LIQUID PROPELLANT COMPARISON 

Let us make a weight comparison between a liquid and a solid 
propellant rocket motor for a given required ideal velocity (Vir). 
Then there is: 

There follows : -& 
mg = M (1 - e goPsp ) 

If ksg0 is the gravity field concerned, then approximately: 

- Vir - Vid + kgoT, and 

Vid = ng,T (n = mean acceleration in units of go) 

So finally: 

If now this is put in the equation: 

we get for Ms = Ml and the same required Vid: 

Limiting. cases : 



Then : 

!@!!!& * % + 0,5 or the liquid system- i,s lighter for nl ;c 3.5. 
goms 7 

For 
k 1 k = 0 ,  - - - .  ~ P S  - 2 .  - = "a. 1s P a  

3 

Here the liquid system is lighter for nk< 4.9. 
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