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LANDING SYSTEMS APPLICABLE TO APOLLO SPACECRAFT 

SUMMARY 

A standard or c lus te r  parachute landing system can be rapidly 
developed f o r  Project Apollo using exis t ing hardware or with minor modi- 
f ica t ion  t o  present hardware. The steerable parachute overcomes some of 
the performance disadvantages of the standard and c lus te r  parachute 
systems while retaining the same high degree of r e l i a b i l i t y .  A steerable 
parachute would be the next logica l  s tep i n  advancing the s t a t e  of the 
a r t  in  landing systems. The parawing and ro tor  systems are  feasible  
concepts tha t  w i l l  require a long lead time t o  develop; however, the  
performance potent ial  of both systems warrant t h e i r  consideration .for 
Project Apollo. 

A i r  bags, s k i r t  extensions, or qrushable structures are  methods 
of impact attenuation tha t  can be developed within an adequate time 
period when used with e i the r  of the parachute landing systems. Discrete 
shock absorbers hold the most promise when used i n  conjunction with 
another impact attenuation method. 

The use of retrorockets f o r  the f i n a l  stage of descent i n  conjunction 
with landing systems other than rotors  show promise of reducing the impact 
attenuation problem. 

INTRODUCTION 

The Project Apollo command module w i l l  require some form of auxil-  
ia ry  landing system t o  reduce the touchdown velocity t o  a value within 
human tolerance. I n  an e f fo r t  t o  insure select ion of the best  possible 
system, a study of landing systems and techniques was in i t i a t ed .  The 
landing systems considered ranged from presently available hardware t o  
interest ing but impracticable proposals. 

The purpose of t h i s  paper is  t o  consolidate general information on 
the landing systems which show the most promise f o r  possible application 
t o  the Apollo capsule. The descent systems a re  analyzed from the stand- 
point of development time, performance, packaging and deployment, com- 
plexity, weight and volume, and, t o  a l imited extent, general design 
considerations. Systems presented are  the standard parachute, multiple 
parachutes, steerable parachutes, rotary wing, parawing and retrorockets.  
Performance of these systems is widely varied from the  standpoint of 
ve r t i ca l  and horizontal velocity at impact, as well as  t o  degree of 
control over vehicle impact a t t i t ude .  Thus, some of the landing devices 



considered require impact shock attenuation systems to reduce landing 
accelerations and an accurate comparison of the landing devices is not 
possible without their-inclusion. For this reason a qualitative descrip- 
tion of several possible shock attenuation systems is presented. 

The first part of this paper describes and di.scusses some advantages 
and limitations of the specific landing and impact attenuation systems 
considered. The remaining portion of the paper is directed towards 
application of these systems to Project Apollo. No attempt is made in 
this paper to propose a final system for the Apollo capsule nor to "rate" 
the systems relative to one another beyond the presentation of available 
data and discussion of some of the significant properties of each. Some 
of the most promising landing techniques are presently in a neophyte 
stage of development. 

SYMBOLS 

drag coefficient 

parachute drag coefficient based on flat constructed area 

lift coefficient 

drag in pounds 

gravity 

lift in pounds 

radius of rotor 

maximum radius of capsule 

vertical velocity in feet per second 

horizontal velocity in feet per second 

angle of attack in degrees 

weight in pounds 

rotor disc loading, weight divided by rotor disc area 



SYSTEMS EVALUATION 

Parachutes 

Standard parachute.- The standard parachute is  a s ingle  symmetrical, 
noncontrollable drag device. Through the years, much e f f o r t  has been 
applied t o  development of the parachute canopy design. Most of t h i s  
e f fo r t  has been directed toward improvement of one or  more of the 
following characteristics:  drag coefficient,  s t ab i l i t y ,  opening charac- 
t e r i s t i c s ,  canopy strength, weight, volume, and ease and cost of fabri-  
cation. Several d i s t i n c t  parachute designs have been' developed, each of 
which i s  superior i n  one or  more of the l i s t e d  areas. The canopy designs 
which have been most widely used i n  manned systems or are  being considered 
f o r  such use are  as  follows: 

Solid f lat  c i rcu lar  - The basic canopy design from which most of 
the important parachute types have evolved i s  sol id  f l a t  c i rcular .  
This canopy i s  constructed as  a f l a t  c i rcu lar  p la te  with a center vent, 
and consists of sol id  t e x t i l e  t r iangular  gores sti tched together l a t e r -  
a l ly ,  the joints forming the main rad ia l  seams. (see f ig .  1 . )  

F la t  extended s k i r t  - This design consists of a f l a t  c i rcu lar  
center, to'which is added a f l a t  annular ring having an outer diameter 
equal t o  the  diameter of the  c i rcu lar  center and a width designated as 
a percent of t h i s  diameter. Nomenclature f o r  the canopy includes the 
nominal diameter, percent s k i r t  extension and canopy type; f o r  example, 
a 56-foot, 10-percent f lat  extended s k i r t  canopy. The inf lated extended 
s k i r t  canopy i s  shown i n  figure 2. 

FIST ribbon - This canopy i s  f l a t  c i rcu lar  i n  design and composed 
of concentric ribbons supported by a number of rad ia l  ribbons and 
smaller rad ia l  or ve r t i ca l  spacing tapes. The inf lated ribbon canopy 
is shown i n  figure 3. 

Ring s l o t  - This canopy is  f l a t  c i rcu lar  i n  design and consists 
of wide concentric fabric  s t r i p s  with intervening air s lo ts .  The number 
and width of s l o t s  varies with canopy diameter and application. (see 
f ig .  4. ) 

Ring s a i l  - The r ing-sai l  canopy i s  very similar t o  the ring-slot 
canopy i n  basic construction. Like the r ing s lo t ,  the r ing  s a i l  consists 
of wide concentric fabric  s t r i p s  separated by air s lots .  The r ing-sai l  
canopy i s  constructed as a quarter sphere rather  than f l a t  c i rcular ,  and 
the s l o t s  i n  each gore a re  crescent-shaped (except i n  the crown), ra ther  
than trapezoidal as i n  the ring s lo t .  



Specific performance characteristics of the five canopy designs are 
compared in table I. 

Selection of the best canopy design for a specific system application 
will depend on the primary system requirements. Opening reliability and 
low rate of descent are required for any manned application. Beyond these 
basic requirements, the relative importance of pendulum stability, opening 
force limitations, and weight and volume usually dictate the final canopy 
selection. (see ref. 1 for detailed parachute design data. ) 

The single parachute system is by far the most easily adapted to a 
specific vehicle design. It lends itself to the use of a single attach- 
ment point which sinrplifies disconnect of the chute at impact. The 
parachute system is not basically an integral part of the recovered 
vehicle and thus has little influence on the vehicle design. 

The single standard parachute system is the most highly developed 
and most reliable landing system currently available. It has been used 
for many years for aerial delivery of personnel and cargo, and as a final 
landing state for recovery of missiles and space vehicles, including the 
l'raject Mercury manned space capsule. In order to achieve an acceptable 
rate of descent with the Apollo vehicle, a single chute of approximately 
100 fe,et in diameter will be required. Parachutes of this slze are 
widely used, both singly and in clusters, for aerial delivery of cargo. 
Experimental single parachutes of diameter up to 200 feet have been 
built and tested, but the problems associated with the fabrication, 
packaging and deployment of these larger chutes, together with the 
extremely long inflation times, make them impractical. 

While the standard parachute landing system has much to offer in 
simplicity, reliability, and low weight and volume, the performance of 
such a system is rather severely limited. To keep the weight and volume 
within reason, sinking speeds on the order of 30 feet per second must be 
tolerated. The standard parachute is at the mercy of prevailing winds, 
and horizontal impact velocities equal to wind velocities must be 
expected. Pendulum stability of the lightweight, relatively high drag, 
parachutes is generally poor, and the additional vehicle horizontal 
velocity due to these oscillations must be considered in the vehicle 
design criteria. 

The standard parachute has no translational or rotational capability, 
and is not capable of any flare maneuver to reduce the impact sink speed. 

Knowing the design deployment conditions, the maximum parachute 
opening forces can be estimated with reasonable accuracy. Transfer of 
the parachute loads to the vehicle structure can be through the single 
attachment point, and while this may not be the most desirable situation, 
at least the vehicle structural requirements are readily predictable. 



Through use of proper deployment methods and selection of suitable 
reefing or staged inflation configurations, the opening forces can be 
maintained below any reasonable limit. However, lower opening forces 
are achieved at the expense of increased inflation time. Since the 
altitude available for operation of the landing sequence during escape 
of the vehicle from the launch pad is limited, some trade-off is usually 
required between reduced opening forces and reduced inflation time. 

The standard parachute system is passive except for pilot backup 
of the deployment sequence. Pilot technique is not applicable except 
in the monitoring of these events. 

The parachute compartment should be located such that unobstructed 
deployment is accomplished in a direction opposite to the vehicle flight 
direction. It is desirable but not mandatory for the recovery vehicle 
to be in a stable attitude prior to landing-chute deployment. The shape 
of the parachute deployment bag is not critical as long as the deploy- 
ment end is larger than or as large as the other sections of the bag. 
Thus, there are no serious restrictions on the stowed parachute config- 
uration. If volume is limited, the parachute can be pressure packed to 

densities on the order of 0.20 lb/in. with no adverse effects on deploy- 

ment. (~ominal hand-packed density is about 0.13 lb/in. '. ) 

The weight of a single landing parachute system, including an 
independent backup system, is on the order of 6 percent of the total 
landing weight. This is based on a 30-foot-per-second rate of descent 
at impact, which is generally felt to be excessive for a manned vehicle 
without some form of impact acceleration attenuation. The acceptable 
human tolerance of 20g to 25g and rate of onset of 20,000g per second 
has been used as a basis for requiring an impact attenuation system. 
The weight of the impact attenuation system necessary to meet the human 
tolerance requirement is approximately 3 percent of the landing weight. 
This must be considered when comparing the complete parachute landing 
system to more elaborate systems. 



MultipLe.- The problems associated with the  use 
of very large s ingle  parachute systems resul ted i n  multiple parachute 
systems being developed f o r  landing heavy payloads. Clusters of two t o  
s i x  large parachutes hake been used extensively f o r  a e r i a l  de l ivery  of 
heavy cargo and recovery of t h e  l a rge r  missi1.e~ and drones. Figure 5 
shows a typ ica l  two-chute c lus te r .  A c lu s t e r  parachute system f o r  the  
Apollo vehicle could be rapidly  developed using ex is t ing  hardware o r  with 
minor modification t o  present hardware. 

A l l  of t he  canopy designs discussed under s ingle  parachute systems 
could be used i r ?  a multiple chute application.  However, the  extended 
s k i r t  and f l a t  c i r cu l a r  canopies have been used most extensively i n  
c lus te rs .  Limited experience has been gained with a c lustered ribbon, 
r ing-s lot ,  and r i ng - sa i l  chutes, but  indications a re  t h a t  these  designs 
a l so  perform qui te  s a t i s f a c t o r i l y  i n  multiple systems. 

The c lustered parachute system i s  e a s i l y  adapted t o  a given vehicle 
design and need not be designed a s  an i n t eg ra l  pa r t  of the  vehicle except 
f o r  t h e  shape of the  stowed system. 

The e f fec t ive  drag area  of t he  c lustered parachute system i s  somewhat 
l e s s  than the  combined theo re t i ca l  drag a rea  of t he  s ing le  canopies, due 
t o  in terference between the  canopies. The l o s s  i n  drag a rea  depends on 
the  number of canopies used and t h e  length of individual r i s e r s .  Gener- 
a l l y  t h i s  loss  i s  from 5 t o  10 percent of t he  t o t a l  drag a rea  necessi- 
t a t i n g  a weight increase of t h i s  order f o r  comparable sink speeds. The 
multiple chute system w i l l  require  s l i g h t l y  grea te r  weight and volume 
than a comparable s ingle  c'llute system. 

The multiple chute system i s  subject  t o  wind d r i f t ,  but  pendulum 
s t a b i l i t y  of t h e  system i s  excel lent .  The standard c lustered chute 
system has no t r ans l a t i ona l  o r  ro t a t i ona l  capabil i ty.  

. Opening forces f o r  t he  multiple parachute system can be calculated 
with some accuracy using standard methods and can be reefed. The c lu s t e r  
chute system i s  passive and p i l o t  technique consis ts  only of monitoring 
t he  deployment sequence. 

With proper control  of deployment and i n i t i a l  in f la t ion ,  the  r e l i a -  
b i l i t y  of the  multiple parachute system approaches t h a t  of t he  s ing le  
parachute. Although it appears t h a t  no de ta i led  comparative r e l i a b i l i t y  
analysis  has been performed t o  date ,  many parachute s p e c i a l i s t s  f e e l  t h a t  
a c lu s t e r  of three  parachutes, designed such t h a t  proper operation of any 
two chutes w i l l  provide an acceptable r a t e  of descent, is  more r e l i a b l e  
than a system of l a rge  s ingle  main and reserve parachutes deployed inde- 
pendently, where others believe a s ingle  chute with a backup chute f o r  
emergence i s  the  best .  



Except fo r  the considerations s ta ted  under the standard single para- 
chute, there are no res t r ic t ions  on the shape of the multiple parachute 
packs. To u t i l i z e  the advantages i n  handling and packing offered by the 
multiple chute system arid t o  insure proper deployment of the  individual 
parachutes, the parachutes must be stowed i n  separate deployment bags. 
The bags should be connected t o  a common deployment system t o  insure near 
simultaneous l ine  s t r e t ch  and i n i t i a l  in f la t ion .  In  general, it is nec- 
essary t o  temporarily reef the chutes t o  fur ther  insure even inflation; 
however, i n  the  case of the Apollo system, reefing would probably be nec- 
essary a t  any ra te  t o  reduce the  opening forces . 

Steerable parachutes.- Steerable parachute canopies have been 
developed spec i f ica l ly  f o r  use of pararescue personnel and smoke jumpers. 
Several types of steerable personnel canopies have been used f o r  these 
applications, a11 of which achieved t rans la t ion  and rotat ional  capabili ty 
by controlled expulsion of the entrapped a i r .  

Most of the steerable parachutes tes ted  t o  date have incorporated a 
s p l i t  or vented gore t o  d i rec t  a portion of the  entrapped a i r  mass outward. 
This type of chute normally has a fixed glide angle with rotat ional  con- 
t r o l  only. This ro ta t iona l  control is achieved by d is tor t ing  the canopy 
t o  redirect  the flow of a i r  through the vented gore. Most of the s teera-  
b l e  personnel canopies have been evolved by modification of standard f l a t  
c i rcu lar  or  extended s k i r t  canopies. 

The present steerable personnel parachutes achieve a glide of about 
9 f ee t  per second at a r a t e  of descent of about 20 fee t  per second. On 
some of the  canopies, ra tes  of turn  of about 360 per second are  possible. 

Intensive e f f o r t  is currently being applied t o  development of larger  
steerable parachutes and t o  increasing the horizontal glide capabili ty.  
( ~ e f s .  2 and 3 ) .  

Recent emphasis on some t rans la t iona l  capabi l i ty  during f i n a l  descent 
of space vehicles has led  Radioplane, a Division of Northrop Corporation 
t o  apply serious e f f o r t  towards improvement of present steerable para- 
chute capabi l i t ies .  Their approach has been t o  use a controllable flapped 
area rather  than the  conventional s p l i t  gore. (see f i g  . 6. ) In  addit  ion 
t o  the controlled LID t h i s  design shows promise of the attainment of 
higher maximum L/D r a t ios  and adaptabili ty t o  larger  parachutes. Some 
degree of success i n  t h i s  e f fo r t  has been reported. The standard ring- 
s a i l  canopy has been modified by the addition of a control f l a p  which can 
be opened or closed t o  vary L/D or opened different ly t o  achieve 
rotat ion.  

A n  L/D of approximately 0.7 has been demonstrated with the flapped 
r ing-sa i l  canopy a t  a r a t e  of descent of l e s s  than 30 f ee t  per second. 



It i s  f e l t  t h a t  t h i s  canopy can achieve an L/D approaching o r  equal t o  
1.0 with low descent ve loc i t i e s  but  ac tua l  L/D var ia t ion  wi th  descent 
r a t e  and maximum possible L/D have yet  t o  be established.  The flapped 
parachute w i l l  make poss ible  some reduction of hor izontal  ve loc i ty  due 
t o  wind d r i f t .  The maximum horizontal  ve loc i ty  w i l l ,  of course, depend 
on design v e r t i c a l  ve loc i ty  and maximum L/D a t  t h a t  descent velocity.  
Pendulum s t a b i l i t y  of t he  flapped r ing  s a i l  appears t o  be comparable t o  
t h a t  of t he  standard r i n g  s a i l  (f lo0).  

The s teerable  parachute w i l l  produce opening forces  comparable t o  
t he  standard chute and can s imi l a r l y  be reefed. 

The flapped parachute i s  not capable of a f l a r e  maneuver. t o  reduce 
v e r t i c a l  ve loc i ty  a t  impact but  t he  p i l o t  w i l l  be able  t o  r o t a t e  t he  
system " in to  t he  wind" and vary L/D t o  obtain near zero ground speed. 
The p i l o t  must be provided with a su i t ab l e  control  system, some knowledge 
of t h e  wind p r o f i l e  near ground leve l ,  and acceptable v i sua l  or  other 
indicat ions  of vehicle motion r e l a t i v e  t o  t h e  ground. This is a re la-  
t i v e l y  low L/D parachute and does not permit a great  amount of range 
control;  however, some capab i l i ty  f o r  avoidance of l o c a l  obstacles w i l l  
be present. Figure 7 shows an e a r l y  model of a g l ide - sa i l  parachute. 

R e l i a b i l i t y  of t h e  ex i s t ing  s tee rab le  personnel parachutes is  com- 
parable t o  t h a t  of t h e  standard personnel chutes. R e l i a b i l i t y  of the  
s tee rab le  r ing  s a i l  w i l l  have t o  be demonstrated, but  it i s  f e l t  t h a t  
addi t ion of t h e  control  f l a p  w i l l  not se r ious ly  a f f ec t  the  opening charac- 
t e r i s t i c s  o r  s t r u c t u r a l  i n t e g r i t y  of t he  proven r i ng - sa i l  design. 

The s tee rab le  parachute i s  packaged and deployed i n  t he  same manner 
as  t he  standard chute. The primary di f ference between the  s tee rab le  and 
standard parachutes with regard t o  incorporation i n to  a spec i f ic  vehicle 
i s  t h e  necessary control  linkage. 

Weight and volume of t h e  s teerable  parachute canopy i s  comparable 
t o  t he  standard parachute. However, some addi t ional  weight and volume 
w i l l  be required f o r  t he  control  system. 

Some form of impact a t tenuat ion i s  required and t h i s  weight has t o  
be considered i n  t h e  f i n a l  se lec t ion  of a landing system. 



Parawing 

The parawing i s  another type of descent system which has been 
investigated. The parawing i s  bes t  described as  a f lex ib le ,  nonporous, 
fabr ic  or  metal wing gl ider .  The f l a t  platform has the appearance of 
a d e l t a  wing a i r c r a f t .  The leading edges and keel  are  r i g id  members 
equal i n  length. The leading edge i s  swept back 45' i n  the  f l a t  out 
or  planform. I n  f l i g h t ,  t he  leading edges a re  generally swept from 
50' t o  55'. (see f i g .  8. ) p his system concept i s  an attempt t o  incor- 
porate some of the  good parachute features,  namely r e l i a b i l i t y ,  s tor-  
a b i l i t y ,  and l i g h t  weight while attempting t o  overcome the parachute 
performance drawbacks of high v e r t i c a l  ra tes  of descent and l imited 
range capabil i ty.  The parawing is  presently i n  a very ea r ly  stage of 
study although a considerable amount of qua l i ta t ive  da ta  have been 
obtained. There presently a re  not suf f ic ien t  da ta  t o  i s o l a t e  completely 
t h e  design parameters nor adequately define a l l  problem areas associated 
with i t s  application t o  Apollo. 

Preliminary drop and wind-tunnel t e s t s  conducted by NASA Langley 
Research Center using nonporous fabr ic  models have indicated f o r  range 
considerations a maximum L/D = 4 was obtainable when f ly ing  a t  angle 
of a t tack of 22' and a CL = 0.5 For the  f l a r e  maneuver, a CL = 1.18 

0 
a t  an a = 43 i s  considered possible. (see f ig .  9. ) Typical hori- 
zontal  landing ve loc i t ies  a t  various wing loadings f o r  both the f l a r e  
and no-flare conditions a r e  shown i n  f igure  10. The corresponding 
v e r t i c a l  ve loc i ty  f o r  the  no-flare condition i s  a l so  shown. 

A major s t ruc tu ra l  problem i s  anticipated due t o  the  unpredictable 
t rans ien t  loads during deployment, the  loads resu l t ing  from the in te r -  
act ion of the  capsule and parawing, and the  behavior of the  f lex ib le  
suspension system. Considerable development of the  parawing landing 
system is  required since the  behavior of the  system does not read i ly  
lend i t s e l f  t o  ana ly t ica l  solution. 

Control of model parawings has been accomplished e i t h e r  by the  use 
of conventional a i rcraf t - type elevator  and rudder controls o r  by 
sh i f t i ng  the capsule fore,  a f t ,  o r  sideward. The use of conventional 
controls,  while desirable f o r  s t a b i l i t y ,  complicates the  already i i i f f i -  
c u l t  deployment problem, increases the  required storage volume, and 
adds weight. Although t h i s  type of control  system would be much simpler 
t o  apply, t he  resu l tan t  s h i f t  i n  center of g rav i ty  may not be compatible 
with the  s t a b i l i t y  of the  parawing-payload combination. Drop t e s t s  of 
an erected model-payload combination have indicated t h i s  problem may 
be serious. 

The problems of packaging and deploying a parawing a r e  unknown 
and w i l l  require a major development e f fo r t .  An in f la tab le  s t ruc ture  



i s  a t t r ac t ive  when the c r i t e r i a  of ease of storage and small volume is  
considered. However, it i s  handicapped by the problems of s t ruc tu ra l  
loads, in f la t ion ,  gas storage, and deployment. Development of metal 
folding or  telescoping s t ructures  holds promise i n  overcoming the  antic- 
ipated problems of the  in f la tab le  s t ructures ,  Methods f o r  deploying 
the parawing from the  Apollo capsule w i l l  be dic ta ted,  i n  par t ,  by the 
packaging and rigging techniques. From the presently available data,  
it appears t h a t  posi t ive  s t ab i l i za t ion  of the  capsule w i l l  be necessary 
t o  achieve r e l i ab l e  parawing deployment regardless of the  type. The 
best  deployment procedure f o r  an in f l a t ab l e  s t ructure  appears t o  be t o  
deploy the g l ider  uninflated p a r a l l e l  t o  the  f r ee  stream with the nose 
attached t o  the  capsule, i n f l a t e  kee l  and leading edges and develop 
g l ider ,  and mechanically ro t a t e  g l ide r  t o  a posi t ive  angle of attack.  
A metal s t ruc ture  parawing w i l l  follow the  same general type of deploy- 
ment sequence as fo r  the  in f la tab le  parawing but w i l l  be accomplished 
mechanically. The time required t o  deploy a parawing w i l l  probably 
make it unacceptable f o r  pad abort. 

A t  the  present s t a t e  of development of the  parawing, a close weight 
estimate cannot be made. However, it appears t h a t  a system without 
emergency backup w i l l  exceed 12 percent of the recovery weight. Volume 
requirements f o r  a s ingle  parawing having a wing loading of 7 i s  expected 
t o  be 3 cubic f e e t  per 1,000 pounds of recovered weight assuming a 
design load fac tor  of 4. 

The f i n a l  r e l i a b i l i t y  of the  parawing cannot be predicted a t  the  
present s t a t e  of development. It does appear t h a t  with the addi t ional  
problems associated with the parawing, it probably w i l l  not approach 
the  r e l i a b i l i t y  of t he  parachute systems. 



Rotor Systems 

Helicopter rotor systems have been highly developed; however, there 
has been little effort expended towards developing an autorotational 
landing system suitable for recovery of space vehicles. The established 
success of other landing systems has generated a general lack of interest 
in developing a rotor system, particularly since the rotor system will 
require considerable development effort to overcome anticipated stability, 
storage, and deployment problems. Furthermore, until the manned space 
programs were initiated, there has not been an urgent requirement for the 
performance advantages of the rotor over that of the parachute. Some 
progress has been made by industry in landing small payloads (200 to 
250 pounds) using folding and telescoping blade rotor systems .. Flexible 
metal and fabric rotors have been investigated; however, it does not 
appear possible to develop these rotors within the Project Apollo time 
scale. The U.S. Air Force presently has an active contract with Kaman 
Aircraft Corporation to further develop rigid rotor landing systems. 

A rotor system has the important performance advantage of zero 
horizontal and vertical velocity at touchdown. No other landing systems 
within the present state of the art can independently match this per- 
formance. A rotor system's maneuverability is obtained by cyclic and 
collective pitch controls. A lift-to-drag ratio of 4 is obtainable with 
rotors alone which makes it competitive with the parawing and other 
lifting body configurations. The evident lack of dynamic stability of 
a rotor system is undesirable; however, like the helicopter, it can 
probably be adequately controlled by proper design. Rotor structural 
design has been well-defined by the helicopter industry and should present 
no problem once the blades have deployed and are rotating. The loads 
imposed on the blades during deployment have not been analyzed. A first 
look indicates an incremental deployment may be necessary to prevent 
designing the system to an unnecessarily high load factor just to take 
care of the deployment mode. 

To understand the actual flight problem associated with rotor 
systems, flight demonstrations were accomplished where autorotation 
landings were performed with helicopters which ranged in gross weight 
from 2,350 to 31,000 pounds and where the disc loadings varied from - 

2.3 lb/ft2 to 7.6 lb/ft2. The descent rate is a function of the disc 
loading as shown in figure 12. These flight demonstrations were con- 
vincing evidence that unless automatic, a full autorotation landing is 
virtually impossible unless performed by a proficient helicopter pilot 
during daylight, over land, with adequate cockpit visibility and good 
weather conditions. 

The reliability of a rotor landing system has yet to be established. 
It appears reasonable to assume that once the blades have been deployed 



it will be comparable to a helicopter in autorotative flight. However, 
there are insufficient test data on deployment of rotors. There is 
evidence from the limited data that are available that capsule stabili- 
zation within +lo0 is necessary before any degree of deployment relia- 
bility can be expected. Once stabilized, all blades must be deployed 
simultaneously. Like all other landing systems, it is desirable to pro- 
vide a backup emergency system. This could. present a very difficult 
design problem. Shaped pyrotechnic charges can possibly be used to 
jettison the blades allowing deployment of the emergency system. 

Packaging of a rotor landing system presents somewhat the same 
problem as for a rigid keel parawing. Blade stowage can probably best 
be accomplished by folding or telescoping the blades, then efther 
trailing or storing them within the capsule. Heat protection for either 
blade position can be costly from a weight standpoint. Deployment would 
be accomplished by jettison of the heat protection cover and mechani- 
cally rotating the blades into the airstream. Deployment and packaging 
of a rotor system will require a major development program. Storage and 
deployment problems may be lessened by development of flexible rotor 
sys tems . 

The best estimates indicate a rotor system alone will weigh 12 to 
15 percent of the recovery weight, volume requirements will approximate 

3 12 ft per 1,000 pounds of recovery weight. 

Retrorockets 

For lunar landings, a reaction braking system will be required as 
the lack of a sensible atmosphere rules out the use of drag devices. 
The retrorocket has also received some consideration as a primary earth 
landing system and appears basically to be competitive with atmospheric 
decelerators in weight and volume. The design of the retrorocket for a 
primary landing system (with initial rate of descent at 300 to 300 feet 
per second) is extremely critical. The impact velocity is sensitive to 
errors in ignition times, thrust alinement, and to changes in capsule 
weight. To make such a system practical, a variable thrust rocket with 
thrust vector control would be required. Auxiliary capsule stabilization 
during the retrofire maneuver would probably be reguired. As the initial 
rate of descent is reduced, the retrorocket system becomes more practical, 
and the use of the retrorocket in conjunction with aerodynamic deceler- 
ators shows much promise. The retrorocket offers a lightweight method 
for reducing impact velocity and impact attenuation requirements. 

A parachute retrorocket system optimized for weight and volume 
would approximate a parachute rate of descent of 70 feet per second. 
It appears more logical to design for a rate of descent below 40 feet 
per second where, with careful capsule design, a retrorocket failure 



could be tolerated. A detailed analysis of this application of retro- 
rockets is included in reference 6. 

Impact Attenuation 

The landing of low L/D vehicles without means of flaring will 
require some method of shock attenuation at the time of impact on either 
land or water to protect both the capsule and its payload. A cursory 
investigation has been conducted in an attempt to establish some of the 
better methods of absorbing the kinetic energy of the capsule at impact. 
A brief description, some advantages and disadvantages of air bags, 
skirt extensions, crushable structure, and discrete shock absorbers, 
are presented. 

An air bag is a gas-filled, flexible, inelastic container used 
individually or in clusters. Shock absorption is obtained by bleeding 
of the gas from the bag at a prescribed rate. An air bag or multiple 
bags have the advantages of being tolerant of attitude at touchdown, 
function satisfactorily under conditions of low horizontal velocity, 
and operate independent of direction at impact. The major disadvantages 
are its weight, stowage volume, water stability effects and design com- 
plexity. Figure 12 shows an air bag in operation. References 4 and 5 
present design data. 

An impact skirt is presently used on the Mercury capsule for 
attenuation. It is representative of all applications of impact skirts 
and can be described as a flexible, nonporous, fabric material, cylindric63 - 
shaped attenuation device. One end is attached to the bottom of the cap- 
sule and the other to the backside of the heat shield. The skirt has 
numerous orifices located on the cylindrical section of the skirt. The 
skirt is stowed between the heat shield and the bottom of the capsule 
which extends the skirt prior to impact. Attenuation is obtained by the 
orifice metering of the escaping air. (see fig. 13. ) The impact skirt 
has the advantage of being within' the state of the art, operates satis- 
factorily with some horizontal velocity of the capsule at impact, is 
multidirectional, and acts as an anchor for increased water stability. 
The major disadvantages of skirts are the weight, complexity of design, 
proper storage, and inefficiency. 

Crushable-type structures have been used in many applications for 
attenuation. The greatest use of crushable structure has probably been 
by the U.S. Army in connection with their aerial drops of equipment and 
supplies. A few of the more common forms of crushable structures are 
honeycombed metal or other materials, foamed plastics, and low-density 
woods. 



Crushable structures have the  advantages of being passive, e f f i -  
cient,  l i g h t  i n  weight, and readi ly stored. The disadvantages tha t  are 
apparent are the high g deceleration, high onset ra te ,  and volume 
requirement. 

Discrete shock absorbers are a t t r ac t ive  f o r  some applications. 
The discrete  shock absorber considered would be similar i n  design and 
operation t o  the automobile shock absorbers. For Project Apollo, the 
main consideration has been given t o  the use of discrete  shock absorbers 
on the astronaut 's  couch, thereby reducing the  primary attenuation 
requirement f o r  the  complete capsule. 

The advantages of the discrete  shock absorbers are  tha t  they are  
within the  present s t a t e  of the art, the character is t ics  are predicta- 
ble, and they axe l i g h t  i n  weight. Disadvantages of using t h i s  method 
of attenuation as the prsmary means of reducing the impact shock are 
the concentrated loads a t  the attachment points of the shock absorbers, 
and the feature of being undirectional i n  operation. 



MISSION CONSIDERATIONS 

The Apollo mission of manned ear th o rb i t a l  and manned lunar recon- 
naissance provides the guidelines f o r  a landing and impact attenuation 
system. These missions f o r  the spacecraft es tabl ish the landing system 
requirements of abort both from the launch pad up t o  maximum velocity, 
the highest obtainable degree of r e l i ab i l i t y ,  land and water landing 
capability, and when possible, provisions f o r  avoiding loca l  hazards. 

The Apollo missions lead t o  the trade-off of advantages and dis-  
advantages of horizontal versus ve r t i ca l  descent landfng systems. Hori- 
zontal landing vehicles of the higher L/D type have c e r t a i n  c r i t e r i a  
tha t  are necessary t o  the execution of a safe  nonpowered horizontal 
landing. These are  a proficient  p i lo t ,  adequate landing s i t e ,  good 
v i s ib i l i t y ,  and a control system. The major obstacles associated with 
conducting a safe horizontal landing are  darkness, rough te r ra in ,  adverse 
weather, and f o r  water landings, a high sea s t a t e .  The primary advan- 
tages of horizontal landing space vehicles appear t o  be range control 
and the poss ib i l i ty  of reducing the impact problem by use of a f l a r e  
maneuver . 

The numerous mission abort poss ib i l i t i e s  and subsequent landing 
areas make the ve r t i ca l  descent landing system a t t rac t ive .  Furthermore, 
a safe  landing is  not so dependent upon the condition of the crew'. 

Generally speaking, there a re  l e s s  problems associated with a safe 
touchdown u t i l i z ing  a near-vertical  descent landing rather  than a hori- 
zontal landing. 

CONCLUDING REMARKS 

General information on three configurations of parachutes, r ig id  
rotors, parawing, and retrorockets has been presented t o  a s s i s t  i n  the 
select ion of an optimum landing system. It was found the standard and 
c lus te rs  of st indard parachutes i n  the s izes  required f o r  Project Apollo 
have already been developed. However, since they are  not controllable, 
they do not meet the  Apollo requirements. A controllable personnel para- 
chute has been developed and is  presently being used by U .S . A i r  Force 
pararescue teams. It appears feasible  t o  adopt and improve the con- 
t ro l l ab le  pr incipal  t o  a larger  diameter parachute fo r  landing of space 
vehicles. Both the  s p l i t  gore and gl ide-sai l  parachutes show promise. 
The parawing and rotors  are  landing system concepts i n  ear ly  stages of 
development which have an LID performance advantage of approximately 
four times tha t  of a parachute. Considerable e f fo r t  w i l l  be required 



t o  develop e i ther  the ro tor  o r  parawing. However, t h e i r  increased range 
performance m y  jus t i fy  t h i s  e f fo r t .  

Impact attenuation of the capsule and crew can be accomplished by 
a i r  bags, s k i r t  extensions, crushable structure, o r  discrete  shock 
absorbers . Each method has cer ta in  advantages and disadvantages depend- 
ent upon the selected descent system. The use of retrorockets f o r  fur"ther 
reducing sinking speed i s  a new and promising approach t o  the problem. 

The landing system combination tha t  shows the  most promise f o r  rapid 
development i s  the steerable parachute-retrorocket combination. Other 
systems such as the paraw'ing and rotors  show greater performance possi- 
b i l i t i e s  but w i l l  require longer development times. 
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TABLE I.- AVEBAGE PARACHUTE PERFORMANCE CHARACTERISTICS 

Canopy 
type 

Solid f l a t  
c i r cu l a r  

F l a t  extended 
s k i r t  

FIST ribbon 

Ring s l o t  

Ring sai l  

Drag 
coef f i d i en t  

D 
0 

0- 75 

70 

50 

.60 

* 72 

Opening 

f ac to r  

2.0 

1.8 

1.05 

1.05 

1.10 

Angle of 
o sc i l l a t i on  

0 + 30 

0 
f 2 0  

f 3  
0 

'r7O 

0 0 + lo  -15 

Opening 
r e l i a b i l i t y  

Excellent 

Without reef ing 
good 

Good 

Good. 

Excellent 
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Figure 9.- Parawf n g  'L/b and CL vs angle o f  attack. 



Figare 10. - Parawing horbontal and vertical velocity vs wing 1 



Figure 11,- Descent r a t e  vs rotor disc loading, 





Pigure 13. - Iwact skirt extended. 


