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PREFACE 

l contains t,,e Manne! Spacecraft  Center ' s 
i C r i t e r i a  for  t h e  Earth Orb i t a l  Manned 

Space S ta t i2n  Study. The data  i s  concerned w i t h  t he  human fac to r s ,  envir-  
onment, l o g i s t i c s ,  and crew operations. This da ta  i s  submitted i n  response 
t o  a NASA Headquarters' i n i t i a t e d  study which includes requirements data  
from Langley Research Center, and experiment i n t eg ra t ion  ds t a  from Marshall  
Space F l ight  Center. The complete in tegra ted  study w i l l  include the  data  
from all th ree  Centers.  

The contr ibut ions of  t he  var ious organizations within t h e  Manned Spacecraft  
Center a r e  acknowledged a t  t h e  beginning of  each sect ion.  Some of t h e  
da.ta within these sec t ions  may d i f f e r  s l i g h t l y  from the  summary document 
s ince  the  summary presents  t h e  technica l  data  i n  an in tegra ted  form. 
design philosophy presented i n  t h i s  volume represents  the judgement of t h e  
cont r ibu t ing  organizat ion and has not necessar i ly  been approved for  the  
f i n a l  study. 

Any 
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1.1 

MEDICAL FXQUIREMENTS FOR AN EARTH ORBITING SPACE STATION 

I n  s e t t i n g  f o r t h  requirements for space s t a t i o n  design it i s  
f i r s t  necessary t o  e s t ab l i sh  a s e t  o f  assumptions or pos tu l a t e s  
regarding the  objec t ives  and scope of t h e  space s t a t i o n  which 
t h e  proposed c r i t e r i a  would serve. The f i r s t  sec t ion  o f  t h i s  
r epor t  describes t h e  purposes and objec t ives  which would be 
assigned t o  a manned orb i t ing  space s t a t i o n  a.t  t h i s  time. The 
assumptions regarding design s e t  f o r t h  i n  t h i s  s ec t ion  of  t he  
repor t  represent t he  concepts which seem most l o g i c a l  and rea- 
sonable t o  t h e  MSC Medical Di rec tora te  for  t he  design of  a 
space s t a t i o n  which could accomplish t h e  des i red  s c i e n t i f i c  and 
technological objectives.  

The f'undamental premise upon which these  design c r i t e r i a  are 
based i s  t h a t  t h i s  manned space s t a t i o n  should enable s c i e n t i s t s  
t o  i d e n t i f y  and evaluate the biomedical s ign i f icance  of se lec ted  
unique f ea tu res  of t h e  space environment. The e s s e n t i a l  a t t r i -  
bute of space t h a t  we would endeavor t o  evaluate through the  
use of an o r b i t i n g  space s t a t i o n  i s  t h e  nul l -grav i ty  s t a t e .  
Other environmental var iab les  should be cont ro l led  as c lose  t o  
"ear th  normal'' conditions as poss ib le .  

Other assumptions upon which these  design c r i t e r i a  are based 
are  l i s t e d  below. 

The labora tory  w i l l  have an o r b i t a l  l i f e  of  2 t o  5 years. 

The labora tory  w i l l  have resupply and crew r o t a t i o n  
c a p a b i l i t i e s .  

Rev i s i t a t ion  in t e rva l s  of 3 o r  6 months. 

The crew s t ruc tu re  includes: 
Operation personnel 
S c i e n t i f i c  personnel 

The crew s i z e  s h a l l  not be l e s s  than 9 and s h a l l  not exceed 
15  persons. 

Separate l i v i n g  and laboratory spaces a.re t o  be provided. 

ACCELERATION FORCES 

Consideration must be accorded t o  acce lera t ion  forces  experi- 
enced during launch, reentry,  and o r b i t a l  phases. 

It i s  pos tu la ted  t h a t  t h e  s t a t i o n  i t s e l f  w i l l  be launched i n  an 
unmanned s t a t u s  and w i l l  be peopled by means of  "shut t le"  
resupply f l i g h t s  u t i l i z i n g  spacecrart  s imi la r  t o  the  Apollo 
Command and Service Modules. Furthermore, it i s  pos tu la ted  
t h a t  t h e  resupply missions w i l l  assume as much as  poss ib le  t h e  
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aura of rout ine  operations.  Hence, e i t h e r  land landing a t  an 
es tab l i shed  base or  pin-point water landings w i l l  be necessary 
t o  eliminate t h e  need fo r  deployment of l a rge  recovery forces.  
Optimally, t h e  r een t ry  g pulses, landing impact forces ,  and 
launch g forces should not exceed those commonly experienced 
during t r a v e l  by commercial a i r c r a f t .  However, energy require- 
ment f o r  achieving o r b i t  as wel l  as energy d i s s ipa t ion  require- 
ments f o r  r e t u r n  t o  t h e  Earth 's  surface probably preclude these  
goals. 

Available data ind ica te  tha t  t h e  p o t e n t i a l  occupants of a space 
sta. t ion w i l l  not be adversely a f f ec t ed  by t h e  launch accelera- 
t i o n s  proposed fo r  Apollo missions. 

The r een t ry  acce lera t ion  forces proposed fo r  Apollo missions 
are a l so  considered reasonable and not l i k e l y  t o  severely 
influence the  r e s u l t s  of  s c i e n t i f i c  s tud ies .  However, t h e  
majority of  impact da ta  i s  based upon subjective endpoints. 
Hence, t he  establishment of ob jec t ive  c r i t e r i a  i s  necessary 
before the  e f f e c t s  o f  these fo rces  can be adequately described. 

Since t h e  study of  man under conditions of  weightlessness con- 
s t i t u t e s  t he  prime objective of biomedical research i n  an 
o rb i t i ng  laboratory,  a "zero g" l abora tory  i s  mandatory; t h i s  
includes l i v i n g  qua r t e r s  as wel l  as experimental spaces i n  
order t h a t  t h e  adaptive mechanisms can achieve new steady s t a t e  
functioning l e v e l s  i n  response t o  ' 'zero g". On t h e  other hand, 
desp i te  t h e  bes t  e f f o r t s  t o  make a l l  other va r i ab le s  equivalent 
t o  those of  E a r t h ' s  environment, con t ro l  groups of  human beings 
should be studied simultaneously within the  s t a t ion .  These 
cont ro l  groups must experience a l l  other conditions except 
weightlessness t o  t h e  same degree as  t h e  "experimental zero g" 
group. Furthermore, our primary standard i s  man i n  Ea r th ' s  
environment (those ambient conditions prevalent i n  Earth-based 
biomedical research l abora to r i e s )  ; hence, t h e  appropriate va r i -  
able i s o l a t i o n  requi res  a con t ro l  group under space s t a t i o n  
environmental conditions with t h e  exclusion of  weightlessness. 
Therefore, both a "zero g" labora tory  complete with l i v i n g  
quar te rs  and a 1 g laboratory complete with l i v i n g  quar te rs  a re  
r e q u i s i t e  for conclusively e s t ab l i sh ing  the  e f f e c t s  of  weight- 
lessness  on man. 

A 1 g area allows t h e  u t i l i z a t i o n  of many wel l  es tab l i shed  lab- 
ora tory  research techniques and methodologies which would not 
be otherwise appropriate.  Additionally,  t he  accomplishment of 
opera t iona l  and maintenance t a sks  without t h e  necess i ty  of  
spec ia l  t o o l  and technique developments as wel l  as extensive 
t r a i n i n g  (which would be required f o r  "zero g" or  "sub 1 g" 
acce lera t ion  force f i e l d s )  can be achieved. 
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The c rea t ion  of a 1 g acceleration force  f i e l d  has inherent 
problems which must be studied i n  d e t a i l  t o  avoid compromising 
biomedical s tud ies .  Two such f a c t o r s  a re  t h e  head-to-foot 
g rav i ty  gradient a d  t h e  neurophysiological disturbances r e s u l t -  
ing from Cor io l i s  forces.  Current ground-based s tud ie s  have 
not produced t h e  necessary information which e s t ab l i shes  the  
acceptable l i m i t s  f o r  these f a c t o r s  and thereby prevents s e t t i n g  
f o r t h  s p e c i f i c  requirements such as t h e  minimum radius  fo r  
r o t a t i o n  and t h e  maximum angular v e l o c i t i e s .  These areas a re  
of  recur ren t  i n t e r  e s t  whenever a r t  i f  i c i  al g r a v i t a t i o n a l  forces 
a re  considered and should therefore  be accorded high p r i o r i t y  
fo r  concentratctd study e f f o r t s .  

ACOUSTICS (NOISE) AND VIBRATION 

Requirements i n  these  areas should consider two mission opera- 
t i o n a l  phases, h u n c h  and o r b i t .  

Launch requirements d i c t a t e  t h a t  ne i ther  v ib ra t ion  nor noise 
i n t e r f e r e  with performance c a p a b i l i t i e s  or  communication. Gen- 
e r a l l y ,  t h e  Apollo spec i f ica t ions  f o r  launch v ib ra t ion  l i m i t s  
a re  adequate. Nominally, noise should not exceed 125 db fo r  a 
period of  30 seconds and should be l e s s  than 115  db i f  t he  
duration i s  fo r  300 seconds. The Apollo spec i f i ca t ions  for 
speech in te r fe rence  are considered adequate. 

During the  o r b i t a l  phase, v ib ra t ion  should be below t h e  l e v e l  
of perception. Noise l eve l s  must not i n t e r f e r e  with voice 
communication and must not c o n s t i t u t e  a chronic annoyance fac- 
t o r .  Limitation o f  t o t a l  white noise l e v e l s  t o  75 db (with a 
50 db l i m i t  from 600 t o  4800 cps) i n  labora tory  spaces and 50 
db i n  l i v i n g  quar te rs  should approach these  goals. 

ATMOSPHERE 

Idea l ly ,  t h e  atmosphere should be i d e n t i c a l  t o  tha.t of Earth,  
i . e . ,  14.7 psia. pressure,  78.084 percent nitrogen, 20.9476 
percent oxygen, and 0.9684 percent r a r e  gases. This r a r e  gas 
por t ion  i s  comprised of 16 components, 6 of  which do not vary 
s ign i f i can t ly ,  and 10  of which show s ign i f i can t  v a r i a t i o n  from 
time t o  time as  wel l  a s  place t o  place on the  Ea r th ' s  surface,  
and indeed some may wel l  be undesirable contaminants. Further- 
more, argon comprises 0.934 percent and carbon dioxide 0.0314 
percent of  t h e  t o t a l  atmosphere. This leaves only 0.003 per- 
cent of t he  t o t a l  atmosphere f o r  d i s t r i b u t i o n  among t h e  remain- 
ing 1 4  r a r e  gas components. I n  consideration of t h e  complexity 
and increased loss of r e l i a b i l i t y  imposed by t h e  continual 
monitoring and cont ro l ,  an atmosphere (which i s  not e n t i r e l y  
constant from time t o  t i m e  and from place t o  place on the  Ear th)  
composed of a l l  t he  E a r t h ' s  atmospheric components i s  not 
recommended. Since t h e  physiological s ign i f icance  of t he  r a r e  
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gases i n  E a r t h ' s  atmosphere i s  not known, it i s ,  however, 
important t o  i s o l a t e  these va r i ab le s .  

The atmosphere must y i e l d  a ca lcu la ted  alveolar oxygen p a r t i a l  
pressure of  105 mm Hg (21  percent oxygen a t  14.7 p s i a ) .  
carbon dioxide content should i d e a l l y  not exceed t h a t  of Ea r th ' s  
atmosphere (0.0314 percent) and c e r t a i n l y  should be maintained 
a t  l e v e l s  l e s s  than  3.8 mm Hg absolute (0.5 percent a t  14.7 
p s i a ) .  

The 

Water vapor must be kept a t  l e v e l s  which preclude discomfort by 
lo s s  of  evaporation cooling, i .e. ,  a muggy, humid environment. 
Hence, t o t a l  water vapor should be r e s t r i c t e d  between 10 mm Hg 
and 18 mm Hg with a r e l a t i v e  humidity r e s t r i c t i o n  which i s  
discussed with other thermal requirements. 

The maintenance of t h e  atmosphere within a closed system 
requi res  appropriate surveil lance and cont ro l .  Two major types 
of  contamination may be expected: aerosols ( p a r t i c u l a t e  matter 
and Liquid drople t s )  and gases. 

Aerosols may bes t  be removed by f i l t r a t i o n  techniques. 
of p a r t i c l e s  grea te r  than 0.3 microns i n  s i z e  with 95 t o  97 
percent effectiveness i s  within t h e  present s t a t e  of t h e  art and 
i s  considered adequate for  t h i s  aspect o f  atmospheric contami- 
nant control.  

Removal 

Gaseous contaminants a r i s e  from t h r e e  major sources: those 
present as  impur i t ies  i n  the atmospheric gas suppl ies ,  those 
contributed by offgassing of spacecraf't mater ia l s ,  and those 
contributed by offgassing from t h e  b io log ica l  occupants whether 
they be human beings, experimental animals and p l a n t s ,  o r  uncon- 
t r o l l e d  growths of micro-organisms. 

Control of  contaminants from gas supplies i s  b e s t  obtained by 
appropriate q u a l i t y  cont ro l  and q u a l i t y  assurance of procurement 
sources. 

Control of  spacecraft  ma te r i a l s  offgassing i s  a l so  bes t  accom- 
p l i shed  by source control.  Hence, a formalized management of  
s e l ec t ion  or r e j e c t i o n  of spacecraft  mater ia l s  based upon toxi -  
co logica l  requirements as  wel l  as engineering requirements i s  
e s s e n t i a l  for t h e  prevention of atmospheric po l lu t ion .  

The establishment of permissible mater ia l s  and q u a n t i t i e s  of 
mater ia l s  requi res  t he  development o f  p red ic t ive  models which 
are based upon t h e  bas ic  k ine t i c s  of  mater ia l s  offgassing. 

Control o f  b io log ica l  offgassing contaminants w i l l  o f  necess i ty  
have t o  be accomplished by removal. "be p r i n c i p a l  human off- 
gassing products a r e  carbon dioxide, carbon monoxide, water, 
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hydrogen, methane, and ammonia. Other contaminants which a re  
highly objectionable t o  t h e  o l f ac to ry  senses include ska to l s  
and indols.  Ca ta ly t i c  burners a re  e f f e c t i v e  f o r  scrubbing t h e  
hydrocarbons and oxidizing zarbcn monoxide, however, c a t a l y t i c  
burners a re  not without t h e i r  problems. These systems become 
explosive i f  su f f i c i en t  amounts of hydrogen are present and 
c e r t a i n  fluorohydrocarbons are degraded by c a t a l y t i c  burners t o  
agents more t o x i c  than t h e i r  precu_rsors. 

Carbon dioxide and wa te r  require scrubbing systems o ther  than 
c a t a l y t i c  burners. 

Monitoring of oxygen, nitrogen, carbon dioxide, and water 
should be continuous with automatic l i m i t  alarms. Logging should 
be by automatic p r in tou t  a t  l e a s t  four times each day. Addi- 
t i o n a l l y ,  a l l  values which depart from nominal should be auto- 
mat i c  a l l y  recorded. 

Sampling fo r  t r a c e  contaminants should be a t  i n t e r v a l s  no 
grea te r  than two hours i n i t i a l l y  and a t  increased i n t e r v a l s  
l a t e r .  Analysis s e n s i t i v i t y  should be 1 ppm f o r  ind iv idua l  
substances and 10 ppm for t o t a l  hydrocarbons. 

Consideration of  dysbarism i s  paramount when t h e  p o s s i b i l i t y  of  
changes i n  t o t a l  pressure e x i s t s .  Hence, a i r lock  c a p a b i l i t i e s  
are required fo r  EVA a c t i v i t i e s  and e i t h e r  3 t o  4 hours of 
denitrogenation i f  3.5 p s i a ,  100 percent oxygen s u i t  atmospheres 
a re  t o  be used, or e l s e  a 7 ps i a ,  mixed gas (oxygen 44 percent,  
nitrogen 56 percent )  s u i t  atmosphere would be required.  

Recommended requirements for space s t a t i o n  atmospheres are 
summarized below. 

Pr e s sur e 
Composition 

Oxygen 
Nitrogen 

Contaminant C r i t e r i a  
Carbon Dioxide 
Carbon Monoxide 

Nominal 
Maximum 

Min imum 
Maximum 

Hydrocarbons 
Tota l  
Individual Gas 

Water Vapor Pressure 

Ozone 
Aerosols 

Maximum Size  
Concentration 

14.7 psis 

21 percent 
79 percent 

0.5 percent 

10 mm Hg absolute 
18 mm Hg absolute 

100 pprn 
1.0 ppm 
0.1 ppm 

0.3 micron 
To be es tab l i shed  
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Materials Offgassing Products Toxicologically allowable 
l e v e l s  and c r i t e r i a  t o  be 
es tab l i shed .  

CREW COMPLEMENT AND MEDICAL CARE 

A s  crew s i z e  and mission duration increase,  t he  implications of  
optimum medical and physiological s e l ec t ion  c r i t e r i a  a l so  take  
on added importance. 
management t o  obta in  a crew each of  whose members would success- 
f u l l y  complete any required t r a i n i n g  and would perform through- 
out t h e  mission duration a t  a high l e v e l  of  e f f ic iency .  The 
s ta te -of - the-ar t  fa l l s  far shor t  of t h i s  i d e a l  ob jec t ive  but 
c e r t a i n  p r inc ip l e s  have been es tab l i shed  l a r g e l y  through empir- 
i c a l  observations on group performance i n  i s o l a t e d  working 
environments such as polar expedition, submarine crews, mountain 
climbing expeditions, e t c .  Paying due a t t e n t i o n  t o  these  pr in-  
c i p l e s  should enhance t h e  p robab i l i t y  of mission success while 
t o t a l  disregard fo r  them would almost su re ly  r e s u l t  i n  se r ious  
mission degradation or f a i l u r e  due t o  human inadequacies within 
t h e  crew. Se lec t ion  must be made not only on t h e  bas i s  of  
ind iv idua l  q u a l i f i c a t i o n  o f  crew members, but a l s o  with a view 
toward t h e  a b i l i t y  of each crew member t o  work e f f e c t i v e l y  and 
harmoniously with t h e  e n t i r e  crew. 

An i d e a l  s e l e c t i o n  program would enable 

The exact number of people who comprise the  crew depends upon 
task analysis much more than on medical or phys io logica l  consi- 
derations.  If t h e  number se l ec t ed  i s  too  small i n  r e l a t i o n  t o  
t h e  t a s k s  associated with t h e  mission, t he  p robab i l i t y  of  
operator e r ro r  becomes great.  If t h e  s t a t i o n  i s  designed as a 
l a rge  complex community, the  l o g i s t i c s  of resupply become t h e  
l i m i t i n g  cons t ra in t  and medical evacuation of  s i c k  and in jured  
personnel along with medical resupply l o g i s t i c s  must be consi- 
dered. A crew of  between 9 and 15 personnel appears t o  be a 
good compromise from t h e  standpoint of avoiding undue complexity 
due t o  medical support requirements and ye t  obtaining v a l i d  
da t a  on t h e  physiological adaptation of man i n  t h e  spacef l igh t  
environment . 
The medical c r i t e r i a  which have been es tab l i shed  for  s e l e c t i o n  
of  m i l i t a r y  av ia tors  a re  genera l ly  appropriate f o r  s e l e c t i o n  of 
space s t a t i o n  crew members. Requirement f o r  v i s u a l  acu i ty  and 
c e r t a i n  other p i lo t - r e l a t ed  phys ica l  c h a r a c t e r i s t i c s  such as 
r a p i d  r eac t ion  time and eye-hand coordination s k i l l  would be 
re laxed  fo r  s c i e n t i s t  and technic ian  crew members who are not 
requi red  t o  cont ro l  o r  maneuver t h e  spacecrart .  Adaptation of  
ex i s t ing  m i l i t a r y  and c i v i l  av i a t ion  medical standards r a t h e r  
than  development o f  new physical c r i t e r i a  fo r  s e l ec t ion  o f  
space s t a t i o n  crew members should prove s u f f i c i e n t  fo r  t h e  
establishment o f  medical s e l e c t i o n  c r i t e r i a .  Applied research 
and development i s  indicated,  however, i n  t h e  a rea  o f  
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psychological ap t i tude  for space f l i g h t  among s c i e n t i s t s  and 
technic ians  who have not already been prese lec ted  through t h e  
process of  becoming professional p i l o t s .  While gross person- 
a l i t y  c h a r a c t e r i s t i c s  which would render candidate crew members 
unsuited fo r  space s t a t i o n  assignment can be i d e n t i f i e d  using 
cu r ren t ly  ava i lab le  techniques, t h e  only s a t i s f a c t o r y  t e s t  o f  
crew compatibil i ty i s  t o  assemble a f u l l  candidate crew and 
observe t h e  crew members during a prolonged period of l i v i n g  
and working together under conditions as nea r ly  representa t ive  
of  t h e  ac tua l  mission s i t u a t i o n  as i s  prac t icable .  Under con- 
d i t i o n s  of enforced continuous c lose  assoc ia t ion ,  subt le  indi-  
v idua l  c h a r a c t e r i s t i c s  become major f a c t o r s  i n  successful 
in te rpersonal  r e l a t ionsh ips  and concealed id iosyncras ies  emerge 
which degrade and i n  some instances have destroyed t h e  f i n c t i o n a l  
i n t e g r i t y  of t h e  e n t i r e  crew. It i s  considered mandatory t h a t  
ca re fu l  a t t e n t i o n  be pa id  t o  timing and s t ruc tu r ing  t h e  t r a i n -  
ing program t o  allow for the demonstration of crew compatibil i ty 
and t o  permit t h e  replacement of ind iv idua l  crew members who do 
not f i t  i n t o  t h e  group successfully as time goes by. Motiva- 
t i o n ,  d i sc ip l ine ,  command s t ruc tu re ,  t r a in ing ,  and ind iv idua l  
i n t e l l i gence  of  t he  crew are all important f ac to r s .  Demonstrated 
crew compatibil i ty ranks along with a l l  of  these  i n  cont r ibu t ing  
toward mission success. 

The presence of a physician as a biomedical s c i e n t i s t  on the  
crew i s  recommended. 
for t h e  proper conduct of the i n - f l i g h t  biomedical research  
program and should mater ia l ly  enhance the  o v e r a l l  p robab i l i t y  
of  mission success by furnishing i n - f l i g h t  medical support t o  
t h e  crew. 
ance with optimum human engineering and preventive medicine 
p rac t i ces  and appropriate medical support of t h e  crew through 
t h e i r  p r e f l i g h t  t r a i n i n g  period should be able t o  manage a l l  o f  
t h e  medical problems which would a r i s e  i n  the  course of  a 
three-month t o  one-year o r b i t a l  mission with r e l a t i v e l y  simple 
on-board equipment and treatment capabi l i ty .  This c a p a b i l i t y  
should include f a c i l i t i e s  and suppl ies  adequate for t h e  diag- 
noses and treatment of in fec t ious  d iseases ,  simple f r ac tu res ,  
minor su rg ica l  emergencies, and t h e  i n i t i a l  care and s t a b i l i z a -  
t i o n  of severely in jured  crewmen t o  prepare them f o r  evacuation 
t o  ground-based medical f a c i l i t i e s .  

This man would have primary r e s p o n s i b i l i t y  

A physician backed up by systems designed i n  accord- 

A designated medical treatment a rea  w i l l  be required.  This 
a rea  does not have t o  be so le ly  u t i l i z e d  for medical examina- 
t i o n  and treatment and would probably serve a dual func t ion  as 
p a r t  o f  t h e  biomedical research labora tory  c a p a b i l i t y  t h a t  
would be requi red  i n  any case. The requi red  examination a rea  
or cubica l  should be a t  l e a s t  9' x 7' x 6s' i n  volume and 
should encompass an examination t a b l e ,  provisions fo r  p r iva t e  
interviewing, record keeping capab i l i t y ,  and s m a l l  lockers  f o r  
records,  instruments, and medical supplies.  A c l i n i c a l  
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labora tory  capab i l i t y  should be b u i l t  i n t o  t h e  space s t a t i o n  
labora tory  space with provisions fo r  s t e r i l i z a t i o n  of  u t e n s i l s  
and instruments, microscopic examination of b io log ica l  speci- 
mens, incubation of b a c t e r i a l  cu l tu re s  and t h e  prepara t ion  
and storage o f  samples lo r  l a t e r  shipment t o  Earth. A " f i e l d  
ty-pe" X-ray capab i l i t y  i s  required.  
q u a l i f i a b l e  which weigh l e s s  than 100 pounds including shield- 
ing and image processing provisions.  The volume requi red  fo r  
storage of addi t iona l  medical supplies including medications, 
dressing mater ia l ,  minor su rg ica l  instruments, s p l i n t s ,  and 
cas t ing  mater ia l  i s  estimated a t  75 cubic f e e t .  Bulk medical 
supplies could be packaged i n  lockers  or other modular u n i t s  
and maintained i n  storage space within the  space s t a t i o n  with 
small packages being withdrawn from the  bulk lockers  and moved 
t o  storage cupboards i n  the  treatment area as required. 

Units e x i s t  and are f l i g h t  

A medica.1 holding f a c i l i t y  or  " s i ck  bay" i s  required fo r  i so l a -  
t i o n  and treatment o f  pa t i en t s  who may acquire in fec t ious  
disease during the  course of  t he  mission. Since provision for  
ind iv idua l  privacy i s  highly recommended i n  t h e  crew quar te rs ,  
designation of a two-bed room or two single-bed rooms as d ic ta -  
t e d  by o v e r a l l  design considerations i s  proposed. Ear ly  detec- 
t i o n  of a case o f  contagious d isease  among the  crew would give 
r i s e  to t he  p o s s i b i l i t y  of i s o l a t i n g  the  c a r r i e r  of t h e  infec- 
t i o n  f r o m t h e  remaining crew members and avoiding spread of t h e  
in fec t ion  throughout t he  crew. Rigorous quarantine measures 
a re  not recommended because the  cos t  i n  terms of equipment and 
procedural complexity appears, i n  our judgment, t o  f a r  outweigh 
the  probable contribution of  such attempts t o  mission success. 
Attempting t o  e s t a b l i s h  s t r i c t  quarantine i n  t h e  face of  t h e  
close constant contact between crewmembers would probably be 
f 'u t i le .  It i s  recommended t h a t  provision be made for  bacter-  
i o l o g i c a l  f i l t e r i n g  of  atmosphere exhausted from t h e  " s i ck  bay" 
room. N o  other spec ia l  provisions f o r  i s o l a t i o n  o r  unique con- 
s t r u c t i o n  of t he  bedrooms designated as "s ick  bay" a re  necessary. 

I n i t i a l  requirements regarding t h e  crew and medical care a re  
l i s t e d  below. 

Se lec t ion  and t r a in ing  
I n i t i a l  se lec t ion  f o r  ap t i tude  and compat ib i l i ty  
Ear ly  assembly of fill crew 
R e a l i s t i c  working r e l a t i o n s h i p  maintained t o  i d e n t i f y  

in te rpersonal  problems 
Physical and psychological standards fo r  non-pilot 

crew members require development 

Medical care 
Physician on crew 
Examination and treatment a rea  - 9' x 7 '  x 6.5' minimum 
Drug and equipment storage space - 75 cubic f e e t  
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X-ra.y capab i l i t y  
Utens i l  and instrument s t e r i l i z a t i o n  c a p a b i l i t y  
"Sick room" fea tu res  included i n  crew qua r t e r s  - two- 

bed capacity 

1 .5  MICROBIOLOGY 

The occurrence of an infec t ious  disease during a prolonged 
space mission must be avoided by adequate preventative and sur- 
ve i l l ance  methods. The o r i g i n  of  such disease could be from 
one of s eve ra l  sources: f irst ,  from an inc ip i en t  d i sease  
ca r r i ed  on board the  spacecrart  by a crew member; second, by 
some a l t e r a t i o n  i n  the  microflora generated by t h e  prolonged 
i s o l a t i o n ;  t h i r d ,  by the  mutation of  t h e  spacecraft  microflora. 
I n  addition, t h e  s t a t e  o f  d i sease  r e s i s t ance  of t h e  spacecraft  
crews may be a l t e r e d  due t o  lack  of  contact with t h e  l a rge  
v a r i e t y  of microorganisms t h a t  t h e  t e r r e s t r i a l  environment pro- 
vides. A l l  of these p o s s i b i l i t i e s  have t h e i r  foundation i n  
sound experimental data.  

A program of prevention ca.l ls  f o r  a spacecraft  design t h a t  i n  
bas ic  construction permits good general  hygiene. It f'urther 
c a l l s  fo r  an environmental con t ro l  system t h a t  o f f e r s  a measure 
of con t ro l  over t h e  b a c t e r i a l  aerosols present i n  t h e  atmosphere. 
This does not imply a provision f o r  s t e r i l i z i n g  e i t h e r  atmos- 
phere or spacecraft  components, but does r equ i r e  con t ro l  methods 
t h a t  w i l l  insure  a spacecraft  whose b io log ica l  environment i s  
optimal fo r  both man a n d  mission. 

A cont ro l  program must provide f o r  monitoring both t h e  quanti-  
t a t i v e  and q u a l i t a t i v e  aspects of  t h e  microflora.  Only i n  t h i s  
manner can the  compatibil i ty of t h i s  complex r e l a t i o n s h i p  of 
man, h i s  supporting engineering systems, and t h e  microbial 
environment be insured. 

Even i f  conducted success f i l l y ,  t h e  s t a t e  of d i sease  r e s i s t ance  
of t he  crew member remains r e l a t i v e l y  uncertain because no 
r e l i a b l e  opera t iona l  procedure e x i s t s  a t  t h i s  time t o  assay 
t h i s  area. On-board medical experiments should fu r the r  define 
t h i s  s t a t e  of res i s tance .  

A summary of  these  requirements follows. 

Tota l  v iab le  micro-organisms i n  ambient a i r  must be l e s s  
than 2O/cubic foot  of a i r  

E.C.S. must have provision fo r  removal of micro-organisms 
on a continuous bas is  

Mater ia l  capable of f r e e l y  supporting microbial  growth 
should not be u t i l i z e d  i n  spacecraf't cons t ruc t ion  
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Development of techniques fo r  monitoring f l o r a  of space- 
c r a f t  and occupants 

Twice weekly f lo ra  assessment of spacecraf't hardware 
microflora and occupant f l o r a  

Daily aerosol da ta  t o  include: 
a. 
b. Tota l  v i ab le  organisms 
c .  Tota l  p a r t i c l e s  with v i ab le  organisms 
(Above t o  be from a t  l e a s t  t h r e e  sampling poin ts  within 

P a r t i c l e  p r o f i l e  (concentration and s i z e )  

labora tory)  

NUTRITION 

Evidence e x i s t s  supporting t h e  premise t h a t  on extended dura- 
t i o n  space f l i g h t s ,  t h e  psychologic response t o  the  - form ( i . e . ,  
type)  of food may be a major f ac to r  i n  t h e  success (performance) 
of t he  mission. To be eaten, food must be acceptable, and t h i s  
has l i t t l e  r e l a t i o n  t o  the  n u t r i t i o n a l  composition and value of 
t he  food. A food such as a l i q u i d  formula can be found accept- 
able under experimental or c l i n i c a l  conditions but not neces- 
s a r i l y  under p r a c t i c a l  operational conditions,  and t h i s  may 
well  be a t t r i b u t e d  t o  t h e  f a c t  t h a t  motivation and not accept- 
a b i l i t y  i s  of ten  being measured under t h e  former conditions. 
Therefore, for a space s t a t ion ,  it i s  recommended t h a t  a va r i -  
e t y  o f  familiar foods be provided which allow for  ind iv idua l  
hunger and s a t i e t y  pa t te rns .  The study of  t h e  psychophysiology 
of monotonous d i e t s  should d e f i n i t e l y  be considered as an 
i n f l i g h t  experiment on the space s t a t i o n .  

Dietary regimens should be t a i l o r e d  c lose ly  t o  t h e  metabolic 
p a t t e r n  of t h e  ind iv idua l  as t ronauts .  The ind iv idua l  v a r i a b i l -  
i t y  of  metabolic pa t t e rns  f o r  given d i e t a r y  regimens w i l l  need 
t o  be es tab l i shed  with reasonable degrees of p rec i s ion  i f  t h i s  
goa l  i s  t o  be rea l ized .  The common1 accepted c a l o r i c  value 
f o r  sedentary i d l e  l i v i n g  i s  93 W(3/0,  where W equals body 
weight i n  kilograms. This i s  32 kcals/kg. of  body weight or 
2280 kcal/day fo r  a 70 kg. man. 
standards t h i s  i s  one and one t h i r d  (1 1/3) times basal,  it 
i s  recommended as  t h e  base maintenance requirement f o r  space 
f l i g h t .  This base f igu re  i s  compatible with the  ca lcu la ted  
Gemini V and V I 1  requirement o f  2010 t o  2219 kcal/day respec- 
t i v e l y .  The c a l o r i c  costs f o r  zero g t a sks  on these  Gemini 
missions were minimal due t o  cramped qua r t e r s  and no ex t ra -  
vehicular (EVA) or rendezvous a c t i v i t y .  Ground-based da ta  
ind ica t e s  a 1 5  t o  30 percent increase above base w i l l  be 
requi red  for  simple f r i c t i o n l e s s  environment tasks .  Also some 
food residue (p l a t e  waste) i s  expected. 
on a space s t a t i o n  would include: s leep  (8 hrs/day);  o f f  duty 
(6 hrs/day); normal sh i r t s leeve  duty (8 hrs/day) and excercise 

Although by ground-based 

Assuming crew a c t i v i t y  
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or  pressur ized  s u i t  a c t i v i t y  (2  hrs/day), 2800 kcal/man-da.y 
would only allow 250-300 kcals per man-day a s  e x t r a  c a l o r i e s  
above base maintenance requirements, p r imar i ly  expected t o  be 
expended 6urtng a 2-hour period of Eoderate t o  hard work, 
Therefore, 2800 kcals/man-day i s  t h e  minimal t o t a l  d a i l y  c a l o r i c  
expenditure for  ca lcu la t ing  food provisioning requirements. 

Tne most r e a l i s t i c  available da ta  ind ica t e s  t h a t  t h e  d i e t  should 
have t h e  following d i s t r i b u t i o n  of  ca lo r i e s :  

1-5 percent p ro te in  ca lo r i e s  
33 percent f a t  ca lo r i e s  
52 per cent carbohydrate c a l o r i e s  

U t i l i z i n g  semipurified ingredients t h i s  d i e t  cannot weigh l e s s  
than 592 grams (1.30 l b s . )  i n  an ash less ,  dry form. U t i l i z i n g  
food sources processed as follows: 75 percent d r i ed  foods 
(rehydratable and b i t e s ) ;  15 percent heat processed f l e x i b l e  
pouch foods; and 10 percent frozen foods, t h e  d i e t  without 
packaging would weigh a t  l e a s t  705 grams and probably 770 grams 
(water, ash, and f i b e r  included). 
t i o n a l  f o r  packaging and dispensing devices (assuming a 100 l b . ,  
10'3 ga l l ey  with food resupply no more of'ten than every th ree  
months), 9lO grams (2.0 l b s . )  o f  food per man-day must be 
allowed t o  provide 2800 kcal/man-day. Tota l  volume allowance 
f o r  packaged food should be 250 cubic inches per man-day. 

Allowing 20 percent addi- 

The ga l l ey ,  operable i n  both zero g and g r a v i t y  s t a t e s ,  would 
include a heat exchanger o r  thermoelectric water hea te r  and 
cooler;  a thermoelectric f reezer  and oven; prepara t ion  and 
ea t ing  t r a y s ;  and interchangeable modules fo r  food and waste. 
The volume of  t h i s  system would be approximately 90 cubic f e e t  
f o r  a 10-man crew. Only the modules would be interchanged on 
resupply. Tne in tegra ted  food concept and ga l l ey  must be 
developed, but many of the  subsystems are cu r ren t ly  within t h e  
s t  a t  e- of - t h e  - ar t  . 
The feeding system must be compatible with t h e  per iodic  co l lec-  
t i o n  of  food and water conswnption da ta  and other n u t r i t i o n a l -  
physiology experiment requirements. 

I n  summary, t h e  requirements a re  as follows: 

2800 ca lo r i e s  per man per day 

2 pounds per man per day  

250 cubic inches per man per day 

U t i l i z e  ga l l ey  fo r  food prepara t ion  i n  bulk 
Oven, c h i l l e r ,  f reezer  c a p a b i l i t y  
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Foods t o  be combination o f  
Precooked packaged food 
Rehydratable foods 

1.7 

Food serv ice  t o  be adapted t o  both t h e  nul l -grav i ty  and 
one g environments 

Develop acceptable simplified nul l -grav i ty  ea t ing  techniques 

Develop ga l l ey  concept 

Develop improved food concepts 

Periodic food and water in take  da t a  

Daily weight 

Ancillary,  per iodic ,  gastroenterology/nutrition data  

PERSONAL HYGIENE 

There i s  no documented evidence as t o  any hea l th  problems 
r e s u l t i n g  from f a i l u r e  t o  bathe. Frequent bathing i s  recom- 
mended for s o c i a l  purposes s ince  body odors are repugnant t o  
t h e  senses. Due t o  these  s o c i a l  aspects,  people have become 
indoct r ina ted  i n t o  the  need fo r  frequent and rout ine  body 
cleansing procedures. Even though bathing may not be a se r ious  
consideration i n  physical  hea l th ,  it i s  reasonable t o  be l ieve  
t h a t  bathing w i l l  be both f a t igue  reducing and mentally hygienic 
for  spacecraft  crews. 

The washing and frequent changing of c lo th ing  i s  very important 
i n  personal hygiene. Clothing serves a multi-purpose within 
the  parameters of personal hygiene i n  serving as a cleansing 
agent over a l a rge  a rea  of t h e  body due t o  contact with t h e  
skin.  Much of t he  sk ins  excreta ( c e l l u l a r  debr i s ,  h a i r ,  sweat, 
e t c . )  i s  t r ans fe r r ed  from t h e  body t o  t h e  c lo th ing  which thus  
becomes a good t r anspor t  agent for body waste t o  a d i sposa l  
point.  Therefore, it becomes a necess i ty  on prolonged space 
missions t h a t  f a c i l i t i e s  be present t o  insure  frequent changing 
and laundering of clothing. 

On space missions exceeding t h i r t y  days i n  duration, shaving o f  
t h e  beard and trimming o f t h e  h a i r  must be considered for aes- 
t h e t i c  reasons. Problems encountered i n  space missions due t o  
t h i s  procedure have already produced shaving instruments su i t a -  
b le  for shor t  duration missions. 

There have been many rout ines  proposed for personal hygiene 
procedures during space missions, including,also,suggested 
hardware. 
and/or suggested procedures and hardware t o  the  assigned task .  

It would appear t o  be a case of adapting e x i s t i n g  



I n  summary, personal hygiene requirements are as follows: 

Handwashing and whole body washing c a p a b i l i t y  

Clothes washing capabi l i ty  

Oral hygiene s t a t i o n  

Shaving, h a i r c u t t i n g  capabi l i ty  

Develop s impl i f ied  washing c a p a b i l i t y  (zero  and one g 
compatible ) 

Es tab l i sh  personal hygiene and o r a l  hygiene c r i t e r i a  

Develop i n f l i g h t  clothes washing capab i l i t y  

Develop i n f l i g h t  ha i r cu t t i ng  capabi l i ty  

1.8 THERMAL 

Thermal regula t ion  i s  o f  utmost importance i n  long-duration 
missions. Departure from opera t iona l ly  or ien ted  t a sks  in t ro -  
duces a v a r i e t y  of a c t i v i t i e s ,  each of  which may, fo r  optimal 
performance, requi re  a d i f f e ren t  thermal environment. Hence, 
t he  need for cont ro l lab le  temperature and humidi-ty environments 
e x i s t s .  Studies on comfort zones ind ica t e  t h a t  for  most of  t h e  
an t ic ipa ted  space laboratory a c t i v i t i e s ,  t he  temperature should 
be ad jus tab le  between 6 5 O ~  and 800~ with an accuracy of 2 3OF 
a t  any se lec ted  temperature within t h i s  range. The transcom- 
partment temperature gradient should not exceed 5OF. Humidity 
cont ro l  i s  required i n  p a r a l l e l  with temperature t o  permit 
s e l ec t ion  o f  t he  optimal temperature/humidity r a t i o  fo r  comfort. 
The absolute water content should not be l e s s  than 10 mm Hg 
nor exceed 18 mm Hg water vapor pressure.  
l i m i t s ,  it i s  necessary ( to  prevent a s a tu ra t ed  atmosphere) t o  
l i m i t  t he  m a x i m u m  r e l a t i v e  humidity t o  80. 

Even with these  

Experience has ind ica ted  t h a t  an a i r  ve loc i ty  of a t  l e a s t  1 5  
ft/minute i s  necessary t o  maintain comfort. 

The thermal cont ro l  system must be capable of  absorbing heat 
pulses produced by periods of phys ica l  a c t i v i t y .  Although 
d e f i n i t e  c r i t e r i a  depend upon f i rmly  es tab l i shed  a c t i v i t y  rou- 
t i n e s ,  it would not be expected t h a t  any one ind iv idua l  would 
produce more than 4800 BTU/hr f o r  longer than a 10-minute per- 
iod,  nor t h a t  more than  four ind iv idua ls  would be engaged 
simultaneously i n  such strenuous a c t i v i t y ;  f’urthermore, t h e  
occurrence of  such heat pulses would probably not occur more 
o f t en  than once within a two-hour period. 
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Adequate thermal con t ro l  i s  o f  importance not only from t h e  
standpoint of man's performance, but a l so  from the  standpoint 
of increased requirements for  expendables. 

E s t  ablished requirement s are tabula ted  below. 

Temperature 
Controllable Range 65'~ t o  8 0 ' ~  
Control Accuracy 2 3  
Transcompartment Gradient 5OF maximum 
Water Vapor 
A i r  Velocity 

10 t o  18 mm Hg (80% R.H.)  
15 cu f't/minute minimum 

VOLUME 

The spec i f i ca t ion  of minimum volume requirements s u f f i c i e n t  t o  
sus t a in  a group of people i n  a high s t a t e  of opera t iona l  e f f i -  
ciency over a prolonged time appears t o  be beyond the  present 
state-of-the-art .  A s  i n  the case of crew se l ec t ion ,  a few 
empirical  guidelines and general p r inc ip l e s  have been i d e n t i f i e d  
which a re  worthy of caref'ul a t t e n t i o n  i n  the  design of  a f a c i l -  
i t y  for long-term hab i t ab i l i t y .  I n  general ,  when people a re  
thrown together i n  a confined i s o l a t e d  s i t u a t i o n ,  t h e i r  a b i l i t y  
t o  ge t  along and continue t o  operate e f f e c t i v e l y  i s  dependent 
upon t h e  s a t i s f a c t i o n  o f  what appear t o  be bas ic  dr ives  f o r  
occasional privacy and a modicum of ind iv idua l  cont ro l  over 
space where personal belongings may be stored. I n  addi t ion ,  
experience has shown that the  more c l e a r l y  a d iv is ion  o f  func- 
t i o n a l  u t i l i z a t i o n  can be engineered i n t o  the  habi tab le  space 
i n  confining vehicles,  the  b e t t e r  they  can be t o l e r a t e d  by 
personnel fo r  long time durations. We would, therefore ,  s t rongly  
recommend t h a t  l i v i n g  quarters be d i s t i n c t  from working qua r t e r s  
i n  t h e  s t a t i o n  and t h a t  l i v ing  qua r t e r s  include ind iv idua l  or  
two-man bedrooms, individual personal storage space, a g a l l e y  
and group dining area  and, i f  poss ib le ,  an addi t iona l  a rea  
designated f o r  lounging, reading, group conversation, e t c .  
Functional d iv is ion  of the  work space depends upon maintenance 
requirements and s c i e n t i f i c  ob jec t ives  around which the  labora- 
t o r y  i s  designed. Living quar te rs  fo r  p a r t  of t h e  crew comple- 
ment a re  required i n  the  0 g po r t ion  of t he  s t a t i o n  and, i n  a 
l a r g e  sense, these  could be construed as labora tory  area; how- 
ever,  t h e  term "laboratory area'' i s  genera l ly  meant t o  r e f e r  t o  
space i n  which s c i e n t i f i c  t e s t s  or measurements are conducted 
by personnel during t h e  on-duty po r t ion  of  t h e  work/rest cycle.  
Our recommendations regarding establishment of  habi tab le  volume 
requirements are l i s t e d  i n  summary below: 

Living Volume Minimum 
350 Ft3  
Individual s leep  quarters 
Individual personal lockers  
Galley and dining volume 
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Laboratory Volume 
Es tab l i sh  laboratory requirements 
Es tab l i sh  u t i l i z a t i o n  of labora tory  space 
Es t ab l i sh  requirements commonality 

W A S T E  MANAGEMENT 

For the  purposes of t h i s  discussion, waste management encom- 
passes t h e  co l l ec t ion ,  sampling, i f  required,  treatment or pro- 
cessing and d isposa l  of a l l  body wastes, s p e c i f i c a l l y ,  u r ine ,  
semen, feces,  vomitus, mucous, h a i r ,  n a i l s ,  and food residue. 
The requirements f o r  personal hygiene equipment a re  described 
elsewhere, but it i s  an t ic ipa ted  t h a t  i n  some instances t h e  
personal hygiene system w i l l  be a p a r t  o f ,  or w i l l  otherwise 
u t i l i z e  anc i l l a ry  components of  t he  waste management system fo r  
t h e  d isposa l  of consumable personal hygiene items and wash and 
laundry water. 

A wide v a r i e t y  of co l lec t ion  systems have been developed t o  
prototype s t a t e ,  but an optimal system has been constrained by 
space, weight, and power allowances. The aes the t i c  co l l ec t ion  
of ur ine  and feces  requi res  t h a t  t h e  design of t h e  equipment be 
v e r s a t i l e  enough t o  accommodate the  other body wastes and t h a t  
t he  design of t he  equipment be based on normal human physiology 
p r inc ip l e s  and f a m i l i a r  habits.  No d i r e c t  contact between man 
and t h e  co l l ec t ion  equipment, such as  condoms o r  adhesive 
devices, should be involved. The feca l /ur ine  system should be 
compatible with the  disposal of  a l l  other body wastes and food 
residue, although separate or  a n c i l l a r y  co l l ec t ion  devices 
opera t iona l  i n  zero g a re  required t o  c o l l e c t  n a i l s  and h a i r .  
The simplest system would involve performing these  l a t t e r  
functions i n  a vacuum cleaner (%.e., debr i s  t r a p )  enclosure. 

Provisions fo r  t h e  continuous o r  per iodic  and accurate (2  3 
percent )  measurement of urine and f e c a l  mass and/or volume i s  
requi red  fo r  experimental and biomedical monitoring purposes. 
The capab i l i t y  f o r  periodic sampling fo r  l a t e r  ground-based 
analyses should be available. The system must provide adequate 
sample i d e n t i f i c a t i o n  fo r  biomedical monitoring or experiment 
requirements. Ground-based da ta  on the  major nu t r i en t  balance 
cont r ibu t ions  of h a i r  and n a i l s  i nd ica t e s  t h a t  these  parameters 
a re  insignif ' icent.  However, h a i r  and n a i l s  a re  a p o t e n t i a l l y  
simple source of mater ia l  fo r  ascer ta in ing  p ro te in  (amino ac id)  
and t r a c e  mineral s t a t u s .  This concept needs s u b s t a n t i a l  
ground based examination t o  determine i t s  s u i t a b i l i t y  and 
r e l i a b i l i t y ,  but once established, only per iodic  samples would 
be needed t o  monitor nu t r ien t  s t a t u s .  

A s  a general  r u l e ,  a waste management system capable of ade- 
quately t r e a t i n g  feces,  w i l l ,  i n  a l l  p robab i l i t y ,  be adequate 
f o r  t h e  remaining waste components. One feca l /ur ine  co l l ec t ion  
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device and associated equipment should not r equ i r e  more than 
5 cubic f e e t .  One u n i t  fo r  each t o  8 crew members i s  recom- 
mended. Power requirement i s  estimated a t  10 watt-hours per 
man-day. The mass or volume measurement device should be i n  
t h e  v i c i n i t y  of t h e  co l lec tor  and dryer (described below). 

A waste management system must provide fo r  t h e  prevention o f  
t h e  buildup of tox ic  gases, odors and/or micro-organisms. For 
example, t h e  l a t r i n e  area must (1) be phys ica l ly  i s o l a t e d  from 
l i v i n g  quar te rs ;  (2)  must be interconnected with t h e  environ- 
mental cont ro l  system for  t h e  i s o l a t i o n  of odor, gas and aerosol  
from t h e  remainder of the  space s t a t i o n ;  (3) remove odor from 
t h e  l a t r i n e  a rea  within f i v e  ( 5 )  minutes. 

The waste management system must minimize space contamination. 
There a re  seve ra l  methods of  t r e a t i n g  or processing body waste. 
Storage of wet feces by holding i n  s t e r i l i z a b l e  pressure tanks 
or  f reez ing  i s  not p r a c t i c a l  because as much as a t o n  of  wet 
feces  could be co l lec ted  i n  a two-year ten-man mission. 
ever, shor t  term storage of body waste i n  accumulator tanks,  
allowing waste t o  be processed or regenerated a t  a uniform and 
predetermined time, regard less  o f  t h e  r a t e s  a t  which they  are  
excreted by t h e  crew members should be considered f o r  (1) water 
reclamation devices, and ( 2 )  t h e  experiments involving bioregen- 
e r a t i o n  of  waste t o  usable food and water. 

How- 

Storage of body waste i n  a dry s t a t e  has received considerable 
emphasis and o f f e r s  some d i s t i n c t  advantages t o  biomedical 
monitoring and experiment programs. Because of  i t s  s impl i c i ty  
and v e r s a t i l i t y ,  it i s  the method o f  choice a t  t h i s  time. The 
decomposition of waste i s  prevented when moisture i s  removed. 
Vapor d i s t a l l a t i o n  methods a re  l e s s  complex and requi re  l e s s  
power than f reeze  drying systems but both u t i l i z e  t h e  vacuum 
of  space. A vapor d i s t i l l a t i o n  dryer would r equ i r e  4.0 cubic 
f e e t  o f  space for  a 5 t o  8 man crew. 
i t y  t o  each co l l ec t ion  device i s  recommended. Power or  waste 
hea t  t o  provide 100°F t o  t h e  dryer would be required.  
u n i t  would be modified t o  provide reclaimed water (see Water 
n a r r a t i v e ) .  
f o r  experiment or  biomedical monitoring purposes could be 
inc inera t ion .  
inc inera tor  weighing 75 pounds. 

One dryer un i t  i n  proxim- 

The same 

The ult imate d isposa l  of  body wastes not requi red  

Waste produced by a 10-man crew would r equ i r e  an 

Other advanced waste management systems such as  wet oxidation, 
e 1 e c t r o l y t  i c was t e t r e atme n t  and b i olog i c a 1  was t e t r e a t  me n t  
should be considered as experimental devices f o r  evaluation on 
t h e  space s t a t ion .  There cu r ren t ly  e x i s t s  no q u a l i f i e d  waste 
management system which meets a l l  t h e  medical requirements. Pro- 
totype systems do e x i s t  which could evolve i n t o  t h e  requi red  
equipment. 
f i c a t i o n  t e s t i n g  of a l l  hardware i s  required.  

Zero g and long-term ground-based f 'unctional v e r i -  
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Requirements fo r  a waste management system are summarized below. 

Aes the t ica l ly  acceptable co l l ec t ion  system 
E.g., no condorr,, e l a s t i c ,  or a&%esive devices requi red  
fo r  nominal use 

Provisions fo r  periodic,  accurate ( 2  3%) measurement o f  
mass and/or volume of body waste 

Prevention of  buildup of t o x i c  gases, odors, and/or micro- 
organisms 

E.g., 1) Latrine a rea  must be phys ica l ly  i s o l a t e d  from 
l i v i n g  quarters 

must be capable of  i s o l a t i n g  odor, gas, and 
aerosol from remainder of  labora tory  

3) Any odor following l a t r i n e  use must be removed 
within f ive  minutes 

2) La t r ine  a rea  environmental cont ro l  system 

Develop systems fo r  co l lec t ion  and d isposa l  of kera t in ized  
waste, i . e . ,  h a i r ,  finger n a i l s  

Systems fo r  d i sposa l  o f  food res idue ,  f e c a l  and ur ine  
so l id s ,  e t c .  Such systems should minimize space contamina- 
t i o n  

Periodic samples, properly i d e n t i f i e d  from se l ec t ed  crew 
members 

Periodic recording of  ur ine  and f e c a l  output by se l ec t ed  
sub j e c t  s 

1.11 WATER MANAGEMENT 

It i s  a.n es tab l i shed  metabolic standard t o  allow one (1) ml of  
water f o r  every c a l o r i e  of energy expended. Since t h e  l a t t e r  
i s  variable,but for design purposes 2800 kcals/man-day i s  
recommended, 2800-2950 m l  (6.5 l b s .  ) of  potable water/man-day 
must be allowed. 

For long-duration missions i n  excess of 45 days, minimal personal 
hygiene concepts (i.e.,  three (3) wet wipes/day p lus  one dry 
u t i l i t y  towel per day and one toothbrush) becomes unsa t i s f ac to ry  
since t h e  f l o r a  of pathogens on t h e  sk in  reach p o t e n t i a l l y  
hazardous l e v e l s  i n  pa r t i cu la r  i n  t h e  groin,  t he  f e e t ,  and t h e  
armpits. I n  addition, desquamation i s  s u b s t a n t i a l  a t  1 4  days. 
Therefore, water fo r  washing t h e  t o t a l  body area or p a r t s  
thereof  (sponge bath) a t  l e a s t  once per week i s  believed neces- 
s a r y  t o  assure physiological and e s t h e t i c  requirements and t o  
a c c q l i s h  preventive medicine procedures on a rou t ine  bas i s  
The minimal allowance should be 900 ml ( 2  l b s )  per man-day fo r  
personal hygiene water. 
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Current ground-based p o t a b i l i t y  standards are those es tab l i shed  
by the  USPHS (1962); however, all aerospace biomedical scien- 
t i s t s  agree t h a t  these  standards a re  n o t  only incomplete but 
imprac t ica l  for  space use. The cur ren t  Gemini p o t a b i l i t y  
s tandard i s  s t e r i l e  deionized water; however, on no f l i g h t  t o  
date has s t e r i l e  water been provided. The water being loaded 
i s  s t e r i l e  but spacecraft  components are not and therefore  a 
l i m i t  based upon p r a c t i c a l  experience has been u t i l i z e d .  
p o t a b i l i t y  s tandards are needed which can be applied t o  space 
vehic les ,  i n  pa r t i cu la r  on-board reclamation systems. The hard- 
ware must be processed during development (e.g. , i n t e r n a l  
p l a t i n g  of  l i n e s  and containers with s i l v e r )  t o  include bacter- 
i o c i d a l  and/or b a c t e r i o s t a t i c  p rope r t i e s  
t h e  reclamation of  s t e r i l e ,  low conductivity,  neu t r a l  pH water 
should be imposed on the  contractor. However, t h e  development 
of p r a c t i c a l  operational p o t a b i l i t y  standards i s  mandatory. 
These standards must be compatible with the  development of s i m -  
p l e  and r e l i a b l e  microbiological and chemical techniques t o  
monitor p o t a b i l i t y  of  water a t  frequent i n t e r v a l s  during f l i g h t .  
Crew observations of odor, t a s t e ,  e tc . ,  should be included. 
The adequacy and e f f ic iency  of  t h e  i n f l i g h t  monitoring equipment 
must be va l ida t ed  i n  both ground-based and i n f l i g h t  s tud ies .  
These s tud ie s  must be an i n t e g r a l  p a r t  of t he  evaluation of 
advanced reclamation techniques. I n  the  in te r im,  it i s  recom- 
mended t h a t  vapor d i s t i l l a t i o n  or  s imi la r  equipment be employed 
which u t i l i z e s  b a c t e r i a l  f i l t e r s  i n  the  recovery of water and 
t h a t  f'urther, a s t e r i l i z a t i o n  u n i t  be developed t o  assure 
p o t a b i l i t y  u n t i l  confidence i n  l e s s  complicated procedures can 
be increased and r e l i a b i l i t y  proven over extended duration i n  
both ground-based and i n f l i g h t  s tud ies .  

Water 

A requirement fo r  

I n  summary, t h e  water requirements a re  given below. 

6.5 pounds per m a n  per day (potable water) 

2 pounds per m a n  per day (hygiene) 

Develop p o t a b i l i t y  standards f o r  s e l ec t ed  system 

Develop microbiologic and chemical techniques f o r  p o t a b i l i t y  
monitoring 

Provision f o r  per iodic  determination of water in take  on 
se lec ted  subjec ts  

Records of monitoring instrumentation readout and crew 
observation on odor, t a s t e ,  e tc . ,  o f  water 
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HABITABILITY 

Operation of an o r b i t i n g  space s t a t i o n  fo r  a prolonged period 
of time w i l l  depend upon the a b i l i t y  of  each crewman t o  perform 
the  ta.sks assigned t o  him. For shor t  duration missions, man 
w i l l  t o l e r a t e  f a i r l y  primitive environmental s i t u a t i o n s  as  long 
as the  physiologica.1 e s sen t i a l s  are provided, However, long 
duration missions requi re  the consideration of t h e  human fac- 
t o r s  t h a t  are disregarded in  shor t  duration missions. System 
design u t i l i z i n g  h a b i t a b i l i t y  as  t h e  uniSying concept w i l l  not 
only insure performance but w i l l  maintain crew morale. 

Hab i t ab i l i t y  requirements in  t h i s  paper have been narrowed t o  
include only the  volume considerations fo r  t h e  crew. These 
considerations include areas requi red  f o r  work, sleep, personal 
hygiene, exercise,  and other crew f'unctions. The volume 
required f o r  l i f e  support consumables, crew furnishings,  and 
other equipment, and t h e  un f i l l ed  volume l o s t  i n  corners, 
narrow spaces, e t c .  i s  not considered. 

EACKGROUND 

One of t h e  major f a c t o r s  of i n t e r e s t  i n  space cabin design i s  
t h e  s u i t a b i l i t y  of  a pa r t i cu la r  configuration fo r  extended 
hab i t a t ion  ( i . e . ,  t h e  volume requirements). 
and groups have conducted extensive surveys t o  determine and 
evaluate t h e  volumetric requirements associated with long dura- 
t i o n  missions. Since there i s  a minimum amount of data ava i l -  
able, t he  majority of  t h e  wr i te rs  i n  t h i s  area have based t h e i r  
work on e a r t h  operations. The volumes provided t o  date i n  t h e  
Mercury, Gemini, and Apollo spacecraf't have only considered 
r e l a t i v e l y  short  mission times ( i . e . ,  up t o  14 days). 
t h e  a p p l i c a b i l i t y  of these volumetric da ta  t o  a spacecraf't 
design for  a long-duration mission i s  questionable. The longer 
t h e  mission, the  more e s s e n t i a l  t h e  provisions for  hab i t a t ion  
become. "Public opinion concerning space f l i g h t  would no doubt 
be l e s s  favorable if approximately 50 percent of  a l l  astronauts 
suffered major psychological and phys io logica l  symptoms during 
every long-duration space f l i g h t .  An expe r t ' s  advice, explain- 
ing  t h a t  t he  symptoms were due t o  t h e  spacecrart  design, would 
not be heeded; nor would it he lp  i f  it were explained t h a t  a 
man on the  ground e osed t o  the  same cons t r a in t s  would su f fe r  
i d e n t i c a l  symptoms. Therefore, t h e  l e v e l  of h a b i t a b i l i t y  
designed i n t o  t h e  system must be commensurate with t h e  f u l l  
range of  an t ic ipa ted  mission durations.  

A b r i e f  review of confining systems i s  presented by Congdon. 
This review included; an inves t iga t ion  of t h e  U. S. Navy ship- 
board h a b i t a b i l i t y  standards, a review of l i t e r a t u r e  on c i v i l  
defense f a l l o u t  she l t e r  designs a.nd design standards, a review 
of severa l  l abora tory  f a c i l i t i e s  which have been used i n  

Various individuals 

Therefore, 

2 
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confinement and h a b i t a b i l i t y  s tud ie s  i n  support of t h e  U. S. 
space e f f o r t s ,  and U. S. prison design standards. 

a. 

b. 

C .  

d. 

Navy Hab i t ab i l i t y  Standards 3 

The author f e l t  t ha t  t h e  f igu res  obtained from these  
standards a re  not t o  be considered highly applicable t o  
a space s t a t i o n  design, since it i s  v i r t u a l l y  impossible 
t o  determine t h e  a v a i l a b i l i t y  of t he  t o t a l  usable vol- 
ume. 
t he  a v a i l a b i l i t y  o f  a reas  of  t he  sh ip  i n  which t h e  crew 
spend much of t h e i r  time; such as, s t a t i o n s ,  watch 
standing areas, r ec rea t iona l  areas,  e t c .  

C i v i l  Defense Shel te rs  

For example, t he re  i s  no information regarding 

4 

C i v i l  defense s h e l t e r s  a re  highly confining systems, 
however, they  do not requi re  a high degree of p ro f i c i en t  
a c t i v i t y .  Therefore, t he  a p p l i c a b i l i t y  i s  questionable. 

Research Vehicles 

The spec ia l  purpose research  vehic les ,  used i n  t h e  
exploration both o f  extreme ocean depths and atmospheric 
heights,  were among t h e  most confining systems found. 
I n  both cases,  design emphasis was placed on minimizing 
t h e  s i z e  of t he  vehicles.  Although t h e  volumes used i n  
these  vehic les  represent some p r a c t i c a l  l i m i t  o f  mini- 
mum volume, t hese  i s  l i t t l e  a p p l i c a b i l i t y  t o  the  space 
s t a t i o n  design. Missions durations a re  very shor t  and 
a c t i v i t i e s  t e n d e d t o  be very  r e s t r i c t e d  i n  va r i e ty .  

Confinement and Hab i t ab i l i t y  Research Chamber 

Confinement and h a b i t a b i l i t y  research chambers which 
have been used s p e c i f i c a l l y  i n  the  study of  t h e  space 
h a b i t a b i l i t y  problems were surveyed and only two of  
these  chambers have been u t i l i z e d  for t e s t s  of  g rea t e r  
than 30 days i n  length. 

Confinement E s t .  Tota l  Crew E s t .  Vol. 
Period Volume Size Per Man 

Chamber (Days) ( R 3 )  (No. 1 ( f i3)  

USAF-SAM 30 380 2 115 
NASA-U. of Md. 150 140 1 90 

A simulator at General Dynamics/Astronautics was designed 
for simulation runs of one month or more. However, it 
has, t o  da te ,  been u t i l i z e d  f o r  short  runs only. 



e. U. S. Prison Design Standards 

2.2 

These standards were reviewed but are considered of 
questionable app l i cab i l i t y .  h-nile confining i n  nature,  
p r i sons  probably have too few elements i n  common with 
space vehic les  t o  provide usef'ul da ta .  

Based on t h i s  review, Congdon2 suggests a combined l i v i n g  and 
working volume o f  260 cubic f e e t  per m a n  fo r  mission durations 
up t o  a month and 600 cubic f e e t  per man fo r  missions o f  severa l  
months duration, These a r e  shown i n  Figure 2.1. 

I I n  addition t o  t h e  preceding survey, Celentano 
s imi la r  survey covering bas i ca l ly  the  same areas. 
h i s  r e s u l t s  i n  t h e  form of f igures .  
2 . 1  and 2.2. 

conducted a 
He presented 

These are shown i n  Figures 

AREA mQUIREMENTS 

I n  addition t o  a l i t e r a t u r e  survey, a study was conducted by the  
Systems Engineering Branch (SFB) of  t h e  Advanced Spacecraft 
Technology Division t o  determine t h e  volume requirements fo r  a 
long duration mission. Data fo r  t h e  Mercury, Gemini, and Apollo 
capsules, nuclear submarines, and the  Anta.rctic expeditions are 
shown i n  Figure 2.3 f o r  comparative purposes. 

The study conducted by SEB was based on the  assumption t h a t  
h a b i t a b i l i t y  requirements only encompass p r iva t e  quar te rs  fo r  
each crew member, a wardroom, an exercise area,  hygienic com- 
partments, and a s i ck  bay. 

2.2.1 PRIVATE CmW QUARTERS 

The crew quar te rs  should include ind iv idua l  compartments t o  
enable the  crew t o  exercise an option f o r  privacy. The compart- , 

ments should be designed t o  provide each man with sleeping 
f a c i l i t i e s ,  personal storage compartments, and enough f r e e  
volume t o  provide f o r  relaxation. The r e s u l t s  of t he  SEB study 
are  shown i n  Figure 2.4. For long duration missions an area. of 
approximately 36 square f ee t  i s  considered des i rab le .  
a rea  w i l l  allow fo r  a floor bunk fo r  an a r t i f i c i a l  g configura- 
t i o n  or  a wal l  bunk f o r  a zero g rav i ty  configuration. It was 
assumed t h e  c e i l i n g  height would be approximately 7 f e e t .  
Therefore, a volume of 250 cubic f e e t  would be provided. An 
a l loca t ion  of 50 of t h e  250 cubic f e e t  i s  assumed t o  provide 
t h e  crew member with su f f i c i en t  storage fo r  personal e f f e c t s .  

This 

2.2.2 WARDROOM AND FOOD PREPARATION AREA 

The data used t o  formulate t h e  recommended areas fo r  t h e  ward- 
room and food preparation area were taken from design da ta  f o r  
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nuclear submarines. The wardroom area  i s  considered t o  be ade- 
quate for ea t ing  and recrea t ion  a c t i v i t i e s  such as movies, card 
games, e t c .  The assumption t h a t  no more tha.n two-thirds o f  t he  
ci-ew wlll be i n  the  wardrccm a t  any given time was made. Using 
t h e  preceding assumption and anthropometry da ta  fo r  f ly ing  per- 
sonnel,? a wardroom configuration study was conducted. The 
r e s u l t s  of t he  configuration study indica ted  an a l loca t ion  of 
approximately 21 square fee t  per man i s  des i rab le .  The food 
preparation area was scaled from da ta  fo r  a nuclear submarine 
ga l ley .  For convenience, t he  food preparation area should be 
adjacent t o  the  wardroom. This area i s  based on the  assumption 
t h a t ,  for  t h e  crew sizes o f  9 t o  24 crew men, only one man i s  
required t o  prepare the  food. 
f e e t .  

The area a l loca ted  i s  16 square 

2.2.3 EXERCISE M A  

For long term missions a physical  exercise a rea  f o r  t h e  crew i s  
e s sen t i a l .  A planned t r a i n i n g  and conditioning program w i l l  be 
necessary t o  maintain physical f i t n e s s  and he lp  reduce cardio- 
vascular and musculoskeletol de te r iora t ion .  The crew w i l l  have 
t o  be maintained i n  a physical  condition which w i l l  enable them 
t o  withstand t h e  r e e n t r y  environment. Anthropometric considera- 
t i o n s  and t h e  assumption tha t  no more than one-third of  t h e  crew 
would be i n  t h e  exerc ise  area a t  any given time d i c t a t e  t h a t  1 5  
t o  20 square f e e t  of a rea  i s  des i rab le .  Consideration o f  crew 
s i z e s  l a rge r  than 1 2  men w i l l  n eces s i t a t e  t h e  scheduling of 
a c t i v i t i e s  i n  t h i s  area. 

2.2.4 KYGlENIC FACILITIES 

Personal hygiene and san i t a t ion  must be r i g i d l y  controlled.  I n  
cases of i so l a t ion ,  espec ia l ly  where boredom or  s t r e s s  i s  com- 
monplace, t he re  i s  a tendency fo r  hygienic standards t o  deter-  
i o r a t e .  Although highly motivated personnel might endure l e s s  
than adequate hygienic f a c i l i t i e s  fo r  an i n d e f i n i t e  time, it 
has been demonstrated t h a t  adequate f a c i l i t i e s  cont r ibu te  
immeasurably t o  optimum performance. I n  addition, another v i t a l  
reason for demanding personal c leanl iness  for  a group r e s t r i c t e d  
t o  a s m a l l  area i s  the  prevention o f  i n fec t ion ,  disease,  and 
contagion. 

The hygienic area should provide f a c i l i t i e s  fo r  body waste 
management and means f o r  body cleansing. The loca t ion  of these 
areas must be e a s i l y  accessible t o  t h e  crew. These should be 
one t o i l e t  for each four men and one shower fo r  each twelve 
men. Each s t a t i o n  should have a minimum of  two o i l e t s  and one 
shower. Based on anthropometric considerations,k each shower 
should contain approximately 6 square f e e t  of f l oo r  area and 
each t o i l e t  11 square fee t .  I n  additiorqprovisions for shaving 
and personal grooming must be supplied. 



2.2.5 SICK BAY 

Considerations of long duration missions w i l l  r equ i r e  t h e  pro- 
v i s ion  of s i ck  bay f a c i l i t i e s .  This space w i l l  provide t h e  
means for t r e a t i n g  any i l l n e s s  or i n j u r y  t o  the  crew members 
t h a t  might occur. 
performance of biomedical experiments. 
vary with crew s i z e  but approximately 108 square f e e t  w i l l  be 
required fo r  a 9 t o  12  man crew. 
i s o l a t i o n  i s  required,  the  p r i v a t e  crew quar te rs  could be 
u t i l i z e d .  

I n  addition, t h i s  a rea  could be u t i l i z e d  f o r  
The a l l o t t e d  area w i l l  

I n  cases of  i l l n e s s  where 

2.2.6 COMMAND STATION 

The command s t a t i o n  s i z e  was based upon a nominal requirement 
o f  two men t o  con t ro l  t h e  s t a t i o n  a t  any given time. 
t h a t  t h e  two men are seated s i d e  by s ide  a . t  a con t ro l  panel, 
approximately 32 square fee t  o f  i'loor a rea  w i l l  be required. 
For a crew s i ze  of 24 men, t h i s  a rea  should be increased t o  
approximately 48 square fee t  which would provide space fo r  up 
t o  th ree  men. 

Assuming 

2.3 SUMMARY 

The preceding area  a l loca t ions  a re  considered t o  be nominal 
values. I n  general, it appears t h a t  approximately 75 square 
f e e t  of floor area per man with a c e i l i n g  height of seven f e e t  
i s  su f f i c i en t  t o  f u l f i l l  the h a b i t a b i l i t y  requirements. The 
in t eg ra t ed  r e s u l t s  of t he  SEB study are included i n  Figures 2 .1  
and 2.2. 
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3.1 

3.0 ARTIFICIAL GRAVITY - INTRODUCTION 

It i s  the  in t en t  of t h i s  paper t o  present  t he  reader a quick 
reference t o  the a r t i f i c i a l  g rav i ty  considerat ions for a revolv- 
ing space s t a t ion .  A review of t h e  most s i g n i f i c a n t  experimental 
work t h a t  has been performed t o  da t e  by ea r th  based experimenters 
i s  presented. However, the reader  i s  re fer red  t o  the  o r i g i n i a l  
publ icat ions f o r  t he  complete p ic ture .  The author  has t r i e d  t o  
acknowledge a l l  of the  data taken from the  various references.  
However, t he re  may be a few instances where data is used and not 
adequately referenced. 

The a r t i f i c i a l  g rav i ty  environment associated with a revolving 
space s t a t i o n  i s  presented. The author would l i k e  t o  point  out 
t h a t  t h i s  work was performed a f t e r  Lore@ and t h a t  some of t he  
p i c t o r i a l  techniques used by Loret a r e  used i n  t h i s  paper. 

I n  addition, a discussion of a design envelope based on human 
f a c t o r s  considerations i s  presented. 

BACKGROUND 

Human f a c t o r s  considerations, i n  the design of a space s t a t i o n  
f o r  fu tu re  space explorations,  preclude the  el iminat ion of 
a r t i f i c i a l  g rav i ty  environment considerations.  To da te  the  
aeromedical s p e c i a l i s t s  and the design engineers have been 
unable t o  formulate a firm s e t  of guidel ines  f o r  an a r t i f i c i a l  
g rav i ty  environment. Many s p e c i a l i s t s  f e e l  t h a t  data from ea r th  
based experimentation a r e  only p a r t i a l l y  appl icable  t o  a space 
s t a t i o n  design. 
contain the  e f f e c t s  of the ea r th  grav i ty  vector.  Experiments 
performed on e i t h e r  an orb i t ing  spacecraf t  or an a i rp lane  f l y i n g  
along Keplerian t r a j e c t o r i e s  e i t h e r  neglect  r o t a t i o n a l  e f f e c t s  
or have been of such short  dura t ion  t h a t  t he  a p p l i c a b i l i t y  of 
the  da ta  s t i l l  remains questionable. 

These data from ea r th  based experimentation 

Various groups and individuals have e i t h e r  performed experiments 
i n  a r o t a t i n g  environment, using ea r th  based equipment, or have 
wr i t t en  extensive a r t i c l e s  pos tu la t ing  the  e f f e c t s  of an a r t i f i c i a l  
g rav i ty  environment i n  an o rb i t i ng  space s t a t i o n .  The major con- 
t r i b u t i o n s  of ea r th  based experimental data a r e  t h e  U. S. Naval 
Aviation Medical Center a t  Pensacola, Florida; the  Li fe  Sciences 
Laboratories a t  General Dynamics/Convair, San Diego, Cal i fornia ,  
and a group a t  Langley Research Center, Hampton, Virginia.  

Figure 3.1 exemplifies the i n t e r i o r  of t h e  Slow Rotation Room 
(SRR) a t  Pensaco1a.l The SRR i s  a multisided, windowless room 
approximately 15 f e e t  i n  diameter and 7 f e e t  high with a near ly  
square center  post .  The motive power is  supplied by a gasoline 
engine geared t o  a rubber-t ired wheel i n  contact  with the dr iv ing  
band of a flywheel t o  which the superstructure  (SRR) could be 
clutched or unclutched. 
za t ion  of s l i p  rings. 

E l e c t r i c a l  power i s  provided by u t i l i -  
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3.2 

The experimentation by Graybiel, Guedry, and o thers  a t  Pensa- 
cola has been documented i n  various Government publ icat ions,  
medical journals ,  and NASA repor t s .  During one group of experi-  
ments performed i n  the  SRR the  r o t a t i o n  r a t e  was varied from 
0 t o  10 rpm. The SF3 T;ES ro ta ted  a t  speeds of 1.71, 2.22, 
3.82, 5.44, and 10 rpm. Each run a t  each speed l a s t e d  two 
days. 
each run. 
functions of the  inner ear was used. The r e s u l t s  of the  runs 
a t  the  various speeds a r e  summarized below. 

Four persons l i v e d  continuously i n  the room during 
A control  subject who had l o s t  almost a l l  of the  

2 

Observations a t  1.71 rpm: 

Two normal subjects  not suscept ible  t o  motion sickness and an 
observer i n i t i a l l y  experienced mild symptoms by ro t a t ing  a t  
1.71 rpm, but  these symptoms d i d  not i n t e r f e r e  with the  t a sks  
they were asked t o  do and adaptat ion occurred during the  first 
day. 
unsteadiness i n  carrying out  the  walking t e s t .  After-effects  
included some d i f f i c u l t y  i n  walking a f t e r  t he  centr i fuge stopped, 
fee l ings  of fa t igue,  and need of more s leep  than usual.  

The cont ro l  subjec t  had no complaints bu t  d id  exhib i t  some 

Observations a t  2.22 rpm: 

The s t r e s s  i n  t h i s  run was apparent ly  not much g rea t e r  than i n  
the  f irst ,  but  one subject  with a h i s t o r y  of seasickness was 
s l i g h t l y  incapaci ta ted the f i r s t  day. A l l  four  pa r t i c ipan t s  
adapted well .  
d i f f i c u l t y  i n  walking and f a t igue .  

On cessat ion of r o t a t i o n  a l l  experienced s l i g h t  

Observations a t  3.82 rpm: 

A s  before,  the  control  subject had no complaints while two 
normal subjects ,  not suscept ible  t o  motion sickness,  experienced 
on ly  mild symptoms t o  which they r ead i ly  adapted. 
took longer i n  the case of a person l e s s  r e s i s t a n t  t o  motion 
sickness.  There were no a f t e r - e f f ec t s  f o r  the  cont ro l  subject ,  
bu t  the  two n o m 1  subjects  showed d i f f i c u l t y  i n  walking and 
increased fatigue. 

Adaptation 

Observations a t  5.44 rpm: 

This angular ve loc i ty  w i l l  generate a f i e l d  of cent r i fuga l  
force  of 1 .0  G a t  a radius of 100 f e e t  i n  a r o t a t i n g  space 
vehicle .  

The data for t h e  e igh t  persons who pa r t i c ipa t ed  i n  t h e  experi-  
ment a t  5.44 rpm suggest t h a t  with the  exception of the cont ro l  
subject ,  t h i s  was a highly s t r e s s f u l  s i t ua t ion .  The control  
subjec t  showed some d i f f i c u l t y  i n  adapting t o  t h e  cent r i fuga l  
force but  was otherwise e s sen t i a l ly  f r e e  of symptoms, both 
during and a f t e r  t h e  run. 
maining sub j e c t s  were incapacitated t o  varying degrees 

On t h e  other  hand, a l l  of the  re -  
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during and even af ter  t h e  run. With one exception, they 
r e s t r i c t e d  t h e i r  movements s u b s t a n t i a l l y  and s l e p t  as much 
as possible .  
or both p a r t i c u l a r l y  during t h e  d i a l  tes t .  
were a l s o  more pronounced than i n  previous experiments a t  
slower angular ve loc i t i e s .  

They a l l  experienced d izz iness  and/or nausea, 
The a f t e r - e f f e c t s  

Observations a t  10.0 rpm: 

For t h i s  f i n a l  experiment the pa r t i c ipan t s ,  with the exception 
of the  cont ro l  subject,  were se lec ted  on the  b a s i s  t h a t  they 
were l e a s t  l i k e l y  t o  become incapaci ta ted.  

Excepting f o r  t he  cont ro l  subject ,  t h i s  experiment cons t i tu ted  
a highly s t r e s s f u l  s i t ua t ion  f o r  t he  two subjec ts  and the  in s ide  
observer. They a l l  reported marked symptoms, severely r e s t r i c t e d  
t h e i r  head movements, and p a r t i c u l a r l y  i n  the ea r ly  p a r t  of t he  
run s l e p t  as much as possible.  They a l s o  exhibited marked a f t e r -  
e f f e c t s  following the  run. That the  severe symptoms were d i r e c t l y  
or i nd i r ec t ly  r e l a t ed  t o  the l abyr in th  was shown by the  f a c t  t h a t  
t he  cont ro l  subject  f e l t  well and the  only d i f f i c u l t y  wits i n  walk- 
ing, due t o  the  cent r i fuga l  force.  None of t he  o ther  pa r t i c ipan t s  
was able  t o  car ry  out a l l  of the  t a sks  assigned t o  him. 
a ce r t a in  amount of adaptation which went on, t he  unpleasant 
e f f e c t s  were s u f f i c i e n t  t o  r e s u l t  i n  t he  general  de t e r io ra t ion  
i n  f i t n e s s .  
pants might have been able  t o  ca r ry  out ordinary t a sks  while 
r o t a t i n g  a t  10 rpm, if  a slower o r  more stepwise indoct r ina t ion  
program had been followed, it was c l e a r l y  evident t h a t  a t  10.0 
rpm even r e s i s t a n t  subjects not only became ill but  a l s o  were 
unable t o  car ry  out tasks  involving much head movement. 

Despite 

Although t h e  p o s s i b i l i t y  exis ted t h a t  these p a r t i c i -  

These t e s t  runs were followed by a t e s t  run a t  10 rpm f o r  a 
period of 12  days.3 This r a t e  of r o t a t i o n  is considered by 
Graybiel and others  t o  be near the  upper l i m i t s  of angular 
ve loc i ty  t o  which man might adapt without impract ical  s ide  
e f f e c t s .  
motivated. The r e s u l t s  of t h i s  t e s t  a r e  summarized below. 

Ef fo r t s  were made t o  ensure the  t e s t  subjec ts  were 

A n  on-board experimenter, who had amassed more than 500 hours 
a t  d i f f e r e n t  ro t a t ion  speeds i n  the  SRR, kept a record of 
e f f e c t s  on each subject  and t h e i r  over t  behavior i n  terms of 
d a i l y  a c t i v i t i e s  and interpersonal  r e l a t ions .  Moreover, he 
recorded h i s  own experiences, which were of p a r t i c u l a r  i n t e r e s t  
i n  t h a t  he was ac t ive  during the  b r i e f  periods when t h e  room 
had t o  be stopped f o r  experimenters t o  go onboard and of f ;  i n  
other  words, he was in te rmi t ten t ly  adapting t o  s t a t iona ry  and 
r o t a t i n g  conditions.  
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With the  sudden onset of ro ta t ion  a l l  of t he  subjects  immediately 
experienced d i f f i c u l t y  i n  walking and i n  carrying out t a sks  
involving bodily movements. The f u l l  impact was not f e l t  a t  once, 
t y p i c a l  symptoms of canal  sickness appearing only a f t e r  a delay. 

Even a f t e r  symptoms of nausea and anorexia disappeared and no 
f u r t h e r  head r e s t r i c t i o n s  were enforced a l l  of the  subjects  
continued t o  experience drowsiness and f a t igue  and t o  r e s t r i c t  
t h e i r  physical  a c t i v i t y  which i n  t u r n  minimized t h e i r  head 
movements. 

None of the  subjects  had f u l l y  adapted t o  the  experimental condi- 
t i o n s  by the  end of day 12 .  

Cessation of ro t a t ion  created an impact but  far l e s s  than a t the 
start  of ro ta t ion .  B e  immediate e f f e c t  was on neuromuscular 
coordination and was evidenced by a tax ia  which diminished r ap id ly  
during the  f i r s t  hour o r  two. 

During t h e  ro t a t ion  period 15 d i f f e r e n t  psychophysiological tests 
were given t o  t h e  subjects.  A l l  of the  subjects  car r ied  out a l l  
of t he  t e s t s  except on one occasion when one subject  f e l l  as leep  
during h i s  watch. 
and time-to-time variance, it is obvious t h a t  s ign i f i cen t  changes 
i n  performance were e i the r  absent o r  small except i n  the  case of 
t he  hand dynamometer test .  It i s  in t e re s t ing  t h a t  these changes 
i n  performance, as ide  from those i n  c lose r e l a t i o n  t o  the  onset 
or cessa t ion  of ro ta t ion ,  were manifested more frequent ly  i n  the  
l a t e  than i n  the  ea r ly  prerotat ion period. Hand dynamometry 
deserves p a r t i c u l a r  notice inasmuch as the score seemed t o  r e -  
f l e c t  the  general  f i t n e s s  of the  subject  throughout t h e  e n t i r e  
experimental period. Moreover, the  sharp r i s e  i n  values af ter  
cessa t ion  of ro t a t ion  suggests t h a t  disturbances i n  neuromuscular 
coordination were not a fac tor  i n  carrying out the  t e s t .  

After making allowance f o r  p rac t i ce  e f f e c t s  

Graybiel concluded t h a t  countermeasures i n  addi t ion  t o  adaptat ion 
a r e  needed i f  r o t a t i o n a l  ve loc i t i e s  of 10 rpm a r e  required.  

Transfer and r e t en t ion  of e f f e c t s  from t e twelve days of r o t a t i o n  
a t  10 rpm have been discussed by Guedry.' Tests before and a f t e r  
the  twelve day r ide  i n  the SRR were conducted with a Stille-Werner 
r o t a t i n g  cha i r .  The t e s t  plan was t o  compare r e s u l t s  of clock- 
wise (CW)  and counterclockwise (CCW) r o t a t i o n  t e s t s  i n  the  S t i l l e -  
Werner cha i r  before and a t  severa l  i n t e rva l s  a f t e r  a twelve day 
period of CCW ro t a t ion  i n  t he  SRR. The t e s t s  showed that responses 
t o  head movements during r o t a t i o n  i n  e i t h e r  d i r ec t ion  were sup- 
pressed during cha i r  t e s t s  a t  48 hours and 3 weeks a f t e r  cessa t ion  
of t he  SRR t e s t .  

These r e s u l t s  of the  work done a t  Pensacola which a re  presented 
above a r e  taken f r o m t h e  o r i g i n a l  papers and t h e  reader is 
r e fe r r ed  t o  the  o r ig ina l  papers f o r  a more complete p ic ture .  
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The Manned Revolving Space S ta t ion  Simulator (MRSSS) complex 
a t  General Dynamics/Convair i s  depicted i n  Figure 3.2.5 The 
MRSSS cons is t s  of an 8' x 14' x 7' cabin trunnioned t o  support- 
ing I-beams 18' from the  spin a x i s  of a 220,000 g-pound cen t r i -  
fuge. Tne cabin is  divided i n t o  two cepzrzte  r o o m ,  one con- 
t a in ing  the  s leeping and t o i l e t  f a c i l i t i e s ,  and the  other  food 
preparat ion and r e f r ige ra t ion  f a c i l i t i e s ,  and space f o r  recrea-  
t ion ,  t e s t i n g  and study. Rotary couplings and s l i p  r ings  provide 
running water, sewage d i sposa l ,  and da ta  transmission during 
ro t a t ion .  Communication i s  provided by voice, TV, and FM t e l e -  
metry. A loading por t  i n  the outboard b u l  ead of the  MRSSS 
permits t r an fe r  of parcels  during ro t a t ion .  k$ 

The experimental work performed by Brady, Newsom, and o thers  a t  
t he  Life  Science Department, General Dynamics/Convair on the  
MRSSS. During one of t h e  test  runs5 a t  General Dynamics, four  
t e s t  subjects  were exposed t o  a r o t a t i o n a l  environment for 120 
continuous hours. ( i . e . ,  4 hours a t  2 rpm, 4 hours a t  4 rpm, 
104 hours a t  6 rpm, 4 hours a t  4 rpm, and 4 hours a t  2 rpm.) 
The length of time-step increments was not  e n t i r e l y  a r b i t r a r y  
as a t e s t  a r r ay  required 3 hours t o  complete. The subjects  
were given an a r r ay  of psychophysiologic t e s t s  (e.g., v i s ion  
t e s t s ,  audi t ion,  ca lor ic ,  oculogyral i l l u s ion ,  b a l l i s t i c  aiming, 
walking and standing, and mentation t e s t s ) .  The subjects  were 
required t o  f i l l  out routine psychosocial r a t i n g s  on themselves 
and other  subjects ,  keep d i a r i e s ,  and f i l l  out 50-item medical 
h i s t o r i e s .  The d i e t  consisted pr imari ly  of freeze-dry space 
food. 
a f fec ted  by the t e s t  environment were discussed. 
t e s t s  were considered t o  be unaffected.  

Only those t e s t s  which appear t o  have been s ign i f i can t ly  
The o ther  

Feeling of Hab i t u a t  ion : 

The r e s u l t s  ind ica te  t h a t  by the  end of 3 1/2 t o  4 days of 
ro ta t ion ,  th ree  of the f o u r  subjec ts  f e l t  as good as they 
would under.conventiona1 circumstances. However, the  four th  
subject  showed e f f e c t s  u n t i l  a l l  r o t a t i o n  ceased. 

Auditory Acuity Test :  

All subjec ts  showed increases i n  audi tory  acu i ty  during ro t a t ion .  
However, t he  author f e l t  one must h e s i t a t e  t o  explain such a 
change u n t i l  addi t iona l  s tudies  ve r i fy  t h a t  it is  not a learn ing  
a r t i f a c t  . 
Oculogyral I l l u s i o n  Tests:  

The r e s u l t s  suggested tha t  l i t t l e  co r re l a t ion  can be drawn 
between the  O G I  response and a subjec t ' s  a b i l i t y  t o  t o l e r a t e  
a r o t a t i n g  environment. 
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D i g i t a l  Proprioception: 

The subjec ts  a l l  showed e f f e c t s  during the  sp in  up stages.  
During r o t a t i o n  the  subjects s t a r t e d  t o  become adapted t o  t h i s  
t e s t .  However, a t  sp in  down i n i t i a t i o n ,  t h e  e f f e c t s  increased 
and continued i n t o  t h e  post r o t a t i o n  period. 

Tandem Walking with Eyes Open: 

With v is ion  t h e  subjec ts  showed a rap id  adaptation i n  p rec i s ion  
locomotion tests.  The adaptations i n  t h i s  t e s t  a l s o  shows some 
co r re l a t ion  with ove ra l l  habituation. 

Tandem Walking with Eyes Closed: 

Without v i s ion  a l l  subjects showed a marked reduction i n  
a b i l i t y  t o  adapt t o  precise locomotions i n  a r o t a t i n g  environ- 
ment. 

Tandem Standing with Eyes Closed: 

The subjec ts  were unable to perform t h i s  t e s t  with any f a c i l i t y  
a t  6 rpm, and no improvement occurred with time. Only t h i s  t es t  
and t h e  d i g i t a l  proprioception t e s t  showed pos t - ro ta t ion  decre- 
ment. Both t e s t s  are performed with the  subjectsstanding i n  one 
spot with t h e i r  eyes closed. 
stimulus t o  the  deep proprioceptors may account f o r  t h e  sens i -  
t i v i t y  of these t e s t s  t o  the i n e r t i a l  change. 

The de le t ion  of v i s ion  and kinematic 

Other than t h e  d i g i t a l  proprioception and t h e  tandem standing with 
eyes closed t e s t s  t h e  subjects performed e f f ec t ive ly .  
t o  t h e i r  performance capabi l i ty  were t h e  surpr i s ing  phenomena 
of "complete" habi tua t ion  and no apparent need f o r  s t a t i c  readapt- 
a t i o n  with the  step-wise spindown. 

Coupled 

Only one vomiting episode occurred. 
a t  6 rpm, one of t h e  subjects had j u s t  taken a l a rge  drink of 
cold water when the  operations engineer actuated the  MRSSS 
pos i t ion ing  system t o  cor rec t  f o r  a n  e r r o r  i n  room inc l ina t ion .  
The ac t ion  r e su l t ed  i n  a few seconds of severe o s c i l l a t i o n s .  
There was no l a t e r  trouble.  

During t h e  f irst  24 hours 

Other t e s t s  performed on the MRSSS included equilibrium and 
walking change observations, and l a rge  excursion r o t a r y  t racking  
of t a r g e t  and t a r g e t  l i g h t s  while t he  MRSSS revolved a t  7.7, 
10.0, and 12.0 rpm. During these  t e s t s  a spinup r a t e  of 0.2 
radians/sec2 was used. The subjec ts  were given pre-spinup t e s t s ,  
p re ro t a t ion  t e s t s ,  and post-rotation tests. The r e s u l t s  of these  
t e s t s  were as follows. 

Equilibrium and Walking Change Observations : 

Considerable degradation i n  performance occurred a t  a l l  t h ree  

7 
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l e v e l s  of ro t a t ion  ( i . e . ,  7.5, 10.0, and 12.0 rpm). 
performance was b e t t e r  a t  10 rpm than a t  12 bu t  not much 
d i f f e r e n t  from 7.5 rpm. During balancing t e s t s  the time of 
balance d i f f e red  from the  r igh t  t o  the  l e f t  l eg .  
clue t o  a majority of r i g h t  handedness or t o  t he  e f f e c t s  of 
t he  grav i ty  gradient  a c t i n g  t o  the  right when facing inward. 
Above 5 rpm the  t a sk  of walking on a 3/4 inch r a i l  and standing 
with eyes closed on a 2 1/4 inch r a i l  were found t o  be too  
d i f f i c u l t  f o r  the average subject.  During walking t e s t s  one 
mode of adaptat ion appears t o  be increased a b i l i t y  t o  maintain 
balance. The second p a r t  of adaptat ion is compensating f o r  
deviat ions from the  path.  
t he  subjec ts  had t o  readapt t o  the  s t a t i c  environment. But 
during post-rotat ion balancing t e s t s  recovery was immediate 
when the  room stopped spinning. 
S t a t ion  design c r i t e r i a  should be based on physiological and 
psychological performance limits r a t h e r  than nausea alone." 

However, 

This may be 

During post-rotat ion walking tests 

The authors s t a t e  that "Space 

6 Large Excursion Rotary Tracking of Target and Target Light Tests: 

O f  t he  24 subjects ,  11 missed one or more in- ro ta t ion  t e s t  t r ials 
due t o  i l l n e s s .  The d i s t r ibu t ion  of i l l n e s s  was: 

N(  I n i t i a l )  

7 - 5  12 
10.0 8 
12.0 4 

7 
4 
0 

N (  Final ) 

5 
4 
4 

The t e s t  data  reveals  an expected decrement i n  performance 
following spinup and spindown. Rapid adaptat ion appears t o  
occur and i n  one t o  th ree  tr ials maximum t racking  ef f ic iency  
is  regained. For a l l  parameters, decrement a t  10 rpm appears 
t o  be not only the  least  but t he  most rap id ly  compensated f o r .  

In  addi t ion  t o  the  preceding t e s t s ,  GD i s  i n  the  f inal  phases 
of a cont rac t  sponsored by NASA (Contract No. NAS9-5232). 
purpose of t h i s  study is t o  inves t iga te  the  e f f e c t s  of t he  
o r i en ta t ion  of planes o f  head r o t a t i o n  r e l a t i v e  t o  the  sp in  
plane on a spec i f i c  sensory-motor performance, f o r  t he  purpose 
of comparing and determining which types of head ro t a t ion  a re  
l e a s t  d i s turb ing  t o  performance and f o r  providing data  usefu l  
f o r  optimal design of displays and controls .  

The 

The Spacecraft  Research Branch a t  Langley Research Center under 
the  d i r e c t i o n  of Letko and Stone have performed severa l  test  
runs on a ro t a t ing  vehicle  simulator.8 
t h e i r  backs i n  a s ta t ionary  pos i t i on  with t h e i r  f e e t  15 f e e t  
from and perpendicular t o  the a x i s  of ro t a t ion .  The subjects  
performed simple t a sks  which required head movements. The 
r e s u l t s  of the  t e s t s  indicate  a l e v e l  of tolerance f o r  t h e  

The subjec ts  l a y  on 
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t e s t  subjec ts  f o r  nodding of t he  head, turning of t he  head, 
and a combined nodding and turn ing  motion. 

A comparison of t h e  methods of t e s t i n g  used a t  Pensacola, and 
GD was presented by Brady and Newsom. In the  comparison they 
point  out t h a t  the  s tud ie s  performed a t  Pensacola were not 
meant t o  simulate a space s t a t ion .  The SRR radius  of r o t a t i o n  
i s  small and although this does not a f f e c t  the  c o r i o l i s  forces  
it does amplify the  required ve loc i ty  change when walking on 
any chord within the  room. Figure 3.3 depic t s  the s i t u a t i o n  
of a 15-foot diameter room revolving about i t s  center .  The 
subject  must l e a n  toward the ax i s ;  the  angle of i nc l ina t ion  
must be cont inual ly  adjusted.  In  addi t ion  walking pas t  t he  
center  of ro t a t ion  w i l l  reverse the  d i r ec t ion  of force  adding 
f u r t h e r  confusion and d i f f i c u l t y  i n  adaptation. 
on the  periphery of such a room has a l i n e a r  ve loc i ty  t h a t  i s  
f i v e  times what h i s  veloci ty  would be if he were s i x  f e e t  
c loser  t o  the  ax i s .  
such a point  o r  t h e  f l o o r  would have a slower l i n e a r  ve loc i ty  than 
h i s  body. A s i t u a t i o n  would then r e s u l t  where he would f a l l  t o  
the  r i g h t  ( i n  counter-clockwise r o t a t i o n ) ,  a s  though a rug were 
pul led out from beneath him. To r e tu rn  t o  the  periphery of the  
room he would have t o  acce lera te  t o  catch up with the  higher 
ve loc i ty  or an opposite react ion would occur. Continual accelera- 
t i o n  and dece lera t ion  add t o  the  b i za r r e  s t i m u l i  t o  which the  man 
i s  confronted, one i n  which the re  i s  l i t t l e  i n  the way of a con- 
s t a n t  force reference.  It is  possible  t o  c rea t e  a revolving 
simulator where the  r e su l t an t  i n e r t i a l  forces  a r e  normal t o  
the  f l o o r  by trunnioning a room a t  the  end of a centr i fuge as 
seen i n  Figure 3.3. 
spine when he is v e r t i c a l  and provides a constant sourse of  
reference fo r  equilibrium. In  addi t ion  it is possible  t o  g r e a t l y  
reduce the  a r t i f a c t  of veloci ty  change by making the  room narrow 
i n  proportion t o  i ts  length and providing a twenty-foot working 
radius .  

A man standing 

This means he must dece lera te  as he approaches 

This a l igns  the  force vector with the  man's 

An 8- by 14-foot room was mounted i n  a cradle  suspended by two 
I-beams across  the  boom of t h e  220,000 g l b .  cen t r i fuge  a t  
Astronautics.  In this room a subjec t  increased h i s  l i n e a r  
ve loc i ty  by a f ac to r  of only 0.4 when he moves s i x  f e e t  r a d i a l l y  
outward (Figure 3.3). 
increases t o  twenty f e e t  o r  more when the  room swings out.  This 
f a c i l i t y  i s  an  important s t e p  c lose r  t o  simulating conditions 
i l l  3 revolving space s t a t i o n  than o thers  i n  present  operation. 

The eighteen-foot radius  t o  room center  

'Pulerable ro t a t ion  conditions could be defined as those t h a t  do 
ilot prevent nausea. 
descr ibe the  required envelope of RPM, radius  and s t a b i l i t y  i n  
terms of an environment where adequate adaptat ion can take 
place t o  achieve proper performance of du t ies .7  

It would seem more important however t o  
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ARTIFICIAL GRAVITY ENVIRONMENT 

Since the design engineers have been unable t o  obtain a committ- 
ment from the  aeromedical spec ia l i s t s ,  a s  t o  the  human fac to r s  
l imi t a t ions  f o r  a rotat i l lg  space s t a t ion ,  the  engineers must 
s t i l l  assume t h a t  the  requirement f o r  a n  a r t i f i c i a l  g rav i ty  
environment e x i s t s .  

One of the  ways of producing an  a r t i f i c i a l  g rav i ty  environment 
i s  by r o t a t i o n  of t he  vehicle.  
around the  acce lera t ions  t o  which the vehicle  and i ts  occupants 
w i l l  be subjected i n  orb i t .  

This discussion i s  centered 

If we consider t he  case of a r o t a t i n g  space s t a t ion ,  the accelera-  
t i ons  which may normally be neglected on ea r th  may become s i g n i f i -  
cant.  The s t a t i o n  may be considered t o  be an i so la ted  system 
with no ex terna l  forces  other than gravi ty  ac t ing  on it. The 
geometry of the  space s t a t i o n  chosen for t h i s  discussion i s  a 
c i r c u l a r  one. The se lec t ion  was s t r i c t l y  f o r  convenience and 
the  pr inc ip les  discussed apply t o  any r o t a t i n g  geometry. 

Considering the  geometry shown i n  Figure 3.4 we can der ive  t h e  
r e l a t i o n s  for t he  acce lera t ion  and i ts  components of a general  
po in t  P, moving r e l a t i v e  t o  body A, with respect  t o  a set of 
r o t a t i n g  axes. The following assumptions a r e  appl ied t o  the  
der ivat ion.  

1. Body A has plane motion, and the  X, Y, plane i s  i ts  
plane of motion. 

2. The XY axes a r e  f ixed i n  Body A, and they r o t a t e  w i t h  
respect  t o  the  f ixed ax i s  X1 Y1. 
axes i s  a t  point  0. 

The o r ig in  of both s e t s  of 

3. Counterclockwise, t o  the  r igh t ,  and upward a r e  the  
pos i t i ve  d i rec t ions .  

The pos i t ion  of P a t  any in s t an t  i s  given by the  following: 

X1 

Y1 

= X cos 8 - Y s i n  8 

= X s i n  8 + Y cos 8 

The ve loc i ty  of P a t  any in s t an t  i s  obtained by d i f f e r e n t i a t i n g  
the  pos i t i on  coordinates with respect  t o  time. 

X1 

Y1 

= X(sin 8 )  Q + X cos Q - Y (cos Q )  8 - Y s i n  Q 

= X(cos 8 )  Q + X s i n  Q - Y ( s i n  Q )  Q + Y cos 8 
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where : 

If we now assume poin t  P i s  
X and Y a r e  constants and X 

fixed on Body A ( i . e . ,  Point C )  
and 2 a r e  equal t o  zero. Hence, 

(VC) = X(sin Q )  uA +  cos Q )  uA 
x1 

(Vc) = X(cos Q )  uA - Y(sin Q )  uA 
y1 

If P i s  nct f ixed  on Body A t h e  X1, Y1 components of t he  
ve loc i ty  of P with respec t  t o  A i s :  

*l . 
= X s i n  Q + Y cos Q 'vP/*), 

'1 
since 

= (VP) 

Y1 = (vp) 
x1 

y1 
we can s u b s t i t u t e  and g e t  the  following: 

or 

The acce lera t ion  of point P can be obtained by d i f f e r e n t i a t i n g  
the  expression fo r  Vp with respec t  t o  time. 

and arranging the  expression we g e t  t he  following where: 

Di f fe ren t ia t ing ,  
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2 = X1 = - ( X  s i n  0 + Y cos @)MA - ( X  cos 0 - Y s i n  Q)uA 
.. 

(Ap)x 1 I .. I t  

+ x cos Q - Y s i n  Q - 2(x s i n  8 + Y cos @)aA 

2 
.. 

(%)Y = y1 = ( X  cos GI - Y s i n  Q)o( ,  - ( X  s i n  Q + Y cos ')aA 
, 

.. .. 1 
+ x s i n  e + Y cos 8 + 2 ( x  cos 8 - Y s i n  ')aA 

- -c-- t - 1 -  9- 
= i (X s i n  0 + Y cos 0 )  + c ( X  cos 0 - Y s i n  Q),x A -tc $X cos Q 

.b - 2 * *  3 4 - Y s i n  Q )  +c(X s i n  Q + Y cos Q) uA 

+t- Y ( s i n  Q +A cos Q) +c. 2 iL(x s i n  Q + Y cos 0 )  

+ X ( c o s  0 + s i n  0 )  - 
. A  -c- --. I - .  

*(x cos Q - 
Y s i n  0 )  uA - 

Now if we take the  square coot of t he  sum of the  squares of the  
components i n  the  brackets we w i l l  ge t  a r e s u l t a n t  vector.  

The absolute  acce lera t ion  of  P can be obtained by vector summation 
of these components. 

a 42 f y  
~p = r d a  ++ rcoA +LAP/A'H2 'P/AUA 

Radial Movements: 

If we assume t h a t  t h e  point P i s  moving i n  a radial  d i r ec t ion  
a t  a constant ve loc i ty  then t h e  term 

of a constant angular ve loc i ty  of t he  Body A d i c t a t e s  t h a t  

= 0. The assumption 

Therefore we have the  following re la t ionship :  

The two terms correspond t o  t h e  c e n t r i p e t a l  acce le ra t ion  and 
the  Cor io l i s  accelerat ion,  respec t ive ly .  
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Tangential  Movements: 

If we assume t h a t  the  point P i s  moving i n  a t angen t i a l  d i r ec t ion  
we must r e tu rn  t o  the  general r e l a t i o n  for . Ap 

2 
A = ro( + rcuA + + 2 VpjA uA P A 

where .. .. 
A = X(cos 8 + s i n  Q) + Y ( s i n  8 + cos Q) 

P/A 
The assumption of a constant angular ve loc i ty  of Body A 
d i c t a t e s  t h a t  q A = 0. Therefore we have: 

2 
Ap = rcuA 'P/A "A "%/A 

If we assume that the  veloci ty  of P i s  constant r e l a t i v e  t o  
Body A and moving i n  a tangent ia l  d i r ec t ion  a t  a l l  t i m e s  then 
the  expression for 

%A is: 

If we analyze the  expression t h e  magnitude of t he  acce lera t ion  
of Point P i s :  

However, 

(u = 'A A -  r 

v 2  Ap = r('P/A + - A )  
n n 
J. J. 

1 Ap = ,(VA + v )2 
P/A 

Using the  r e l a t i o n s  derived i n  the  preceding paragraphs we can 
show the  manner i n  which the forces  r eac t  and the  d i r ec t ion  of 
t h i s  reac t ion  for r a d i a l  movement, t angen t i a l  movement, move- 
ment i n  a d i r ec t ion  p a r a l l e l  t o  t he  a x i s  of r o t a t i o n  of t h e  
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space s t a t ion ,  and g rav i ty  gradients from head-to-foot f o r  a 
man i n  the r o t a t i n g  vehicle .  

Radial Movement : 

-9 - 
n 

The forces  and the  d i rec t ions  i n  which they r eac t  a r e  exempli- 
f i e d  i n  Figure 3.5. The cent r i fuga l  force,  FR, always a c t s  i n  

an outward d i r ec t ion  and i s  appl ied a t  t h e  f e e t  of t he  man. 
i s  perpendicular t o  the  d i r ec t ion  of  t he  c o r i o l i s  force, 

d i r ec t ion  of movement of the man and i s  dependent upon the  d i r ec -  
t i o n  of ro t a t ion  of t he  vehicle.  The resultant force,  FT, a c t s  
a t  an angle t o  the  man's r a d i a l  path. The va r i a t ion  of t h i s  
angle is  shown i n  Figure 3.6. The magnitude of t he  two components 
of the  r e s u l t a n t  force,  Fr, i s  shown i n  Figures 3.7 and 3.8. 
radial  movement, t he  magnitude of t h e  ve loc i ty  of each poin t  along 
the  radius  vector var ies  i n  proportion t o  the  product of t h e  angu- 
l a r  speed of ro ta t ion ,  co, times the  radius  of r o t a t i o n  of t h e  poin t  
i n  question. Therefore, a man moving r a d i a l l y  inward must decel-  
e r a t e  t o  match h i s  tangent ia l  ve loc i ty  t o  the  t angen t i a l  ve loc i ty  
of t he  poin t  t o  which he moves. 
outward r a d i a l  movement. 

The 

FC , 

For 

The converse is  appl icable  f o r  

Tangential Movement : 

The i n e r t i a l  forces  and the d i r e c t i o n  i n  which they r eac t  a r e  
shown i n  Figure 3.9. 
p a r a l l e l  t o  t he  cent r i fuga l  force,  FR, adding t o  it i f  the  man 
moves i n  the  d i r ec t ion  of ro ta t ion .  Thus, a man moving i n  a 
t angen t i a l  d i r ec t ion  w i l l  f e e l  "heavier" while moving i n  the  
d i r ec t ion  of ro t a t ion  and w i l l  f e e l  " l i gh te r "  when moving i n  a 
d i r ec t ion  which opposes the d i r ec t ion  of ro t a t ion .  The var ia -  
t i o n  of t he  r e su l t an t  force ac t ing  on t h e  man i s  shown i n  
Figure 3.10. 

The co r io l i s  force,  Fc, a c t s  i n  a d i r ec t ion  

Movement P a r a l l e l  t o  t h e  Axis of Rotation: 

Movement i n  a d i r ec t ion  p a r a l l e l  t o  t he  a x i s  of r o t a t i o n  w i l l  
r e s u l t  i n  a c o r i o l i s  force,  Fc, equal t o  zero (Figure 3.11). 
Thus, t he  r e su l t an t  force  w i l l  be equal t o  the  cen t r i fuga l  
force.  However, t h e r e  m y  be minor Cor io l i s  forces  a c t i n g  on 
various p a r t s  of t he  body due t o  t h e i r  rad ia l  motion during 
the  p a r a l l e l  movement o f  the man. The r e s u l t s  of the c o r i o l i s  
forces  with respect  t o  head movement discussed by Loretg is  
represented by the  formula, x c o l < K ,  which says that 

the  absolute value of t h e  angular ve loc i ty  of t he  head times 
the  angular ve loc i ty  of the vehicle  must be l e s s  than a 
constant,  K. 
K = 0.06 rad2/,,,*. 

Clark and Hardy,l0 have suggested a value of 
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Gravitv Gradients:  

Normally one would th ink  of an  a r t i f i c i a l  g rav i ty  environment 
a s  being a uniform value f o r  each object  i n  the  ro t a t ing  vehicle .  
Hcwever, tbis environment results i n  a gradient  along the  l o c a l  
radius  vector  f o r  various objects .  If a man is  standing i n  the  
vehicle  h i s  head w i l l  experience a smaller acce lera t ion  force  
than h i s  f e e t .  The gradient from head-to-foot can be expressed 
as a percentage of t he  cent r i fuga l  force  ac t ing  a t  t he  man's 
f e e t .  
the  va r i a t ion  of the  gradient versus t h e  rad ius  of ro t a t ion .  
A majori ty  of designers have a r b i t r a r i l y  se lec ted  a value of 
15 percent f o r  t he  maximum allowable value f o r  t he  head-to-foot 
gradient .  

Figures 3.12 and 3.13 depic t  the  nomenclature and show 

HUMAN FACTORS DESIGN CONSIDERATIONS 

The design considerations,  based on human fac tors ,  f o r  a r o t a t i n g  
space s t a t i o n  are discussed below. 
discussion was taken verbatim from the  outstanding work by Loret.  9 

The major port ion of t h i s  

In  h i s  t e r r e s t r i a l  environment, man is subject  t o  a 1-g force  
which always a c t s  perpendicular t o  the  e a r t h ' s  surface.  
he is  subjec t  t o  minute var ia t ions  i n  grav i ty  from place t o  place, 
and t o  Cor io l i s  forces  due t o  the  e a r t h ' s  ro ta t ion ,  these var ia -  
t i o n s  a r e  so minute t h a t  they a r e  below t h e  threshold of man's 
senses.  Such i s  not t he  case ins ide  the  r o t a t i n g  vehicle  where 
va r i a t ion  i n  a r t i f i c i a l  gravi ty  and Cor io l i s  forces  may be s u f f i -  
c i en t  magnitude not only t o  d i s tu rb  man but  a l s o  t o  incapac i ta te  
him. 

While 

A t  what values these  var ia t ions  become s i g n i f i c a n t  o r  i n to l e rab le  
is  l a rge ly  conjecture.  Since it i s  d i f f i c u l t ,  i f  not impossible, 
t o  c rea te  on ea r th  the conditions which e x i s t  i n  a ro t a t ing  space 
vehicle,  only a bare  minimum of experimental evidence is avail- 
ab le  upon which tolerance l i m i t s  can be based. The b e s t  t h a t  
can be done present ly  i s  t o  evaluate  man's tolerance on the  
basis of t h i s  meager evidence. In  some cases, where evidence 
of man's tolerance t o  a pa r t i cu la r  combination of s t r e s s e s  i s  
not avai lable ,  an attempt a t  extrapolat ion of data from r e l a t e d  
experiments may be made, but  only with f u l l  knowledge t h a t  t he  
r e s u l t s  may not be precise.  In  o ther  cases, where no evidence 
a t  a l l  is  ava i lab le ,  assumptions must be postulated.  

That the  derived design c r i t e r i a  may not be exact  should not 
bar an attempt t o  prescribe a t  least  a rudimentary human f a c t o r s  
design envelope and some general  p r inc ip l e s  upon which vehicle  
design can be used. 
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General Considerations: 

A s  far  as man is  concerned, t he  i d e a l  vehicle  environment i s  
one which would dupl ica te  t h a t  on ear th .  
could be c lose ly  approxLmted using a vehicle  with an extremely 
small value for angular veloci ty  and the  correspondingly l a rge  
radius  necessary t o  produce 1-g. A s  an example, f o r  an of 
0.01 rad/sec,  t he  radius  required t o  provide 1-g i s  61 miles.  
The construct ion of such a vehicle i s  c l e a r l y  impract ical .  

Such an environment 

P r a c t i c a l i t y  d i c t a t e s  t he  use of a smaller radius  of ro t a t ion ,  
which necess i t a t e s  t h e  use o f  higher values of G,, Corio l i s  
forces  would be of su f f i c i en t  magnitude t o  produce not iceable  
e f f e c t s .  Hence, the  environment would be something l e s s  than 
idea l .  

The designer i s  thus confronted with a dilemma. 
p r a c t i c a l i t y  d i c t a t e s  the  use of as small a radius  as possible .  
On t he  other,  t he  corresponding increase i n  a c t s  t o  d i s t o r t  
t he  desired i d e a l  environment. The degree t o  which the  environ- 
ment may be d i s to r t ed  and s t i l l  be acceptable t o  a human i s  the  
crux of  t h e  design problem. 

On the  one hand, 

Because it is the  decrease i n  radius  and the  increase i n w a r  
ve loc i ty  which d i s t o r t  t he  g rav i t a t iona l  environment, t he  inner  
l i m i t  of 
e f f i c i e n t l y  become parameters of i n t e r e s t .  
g rav i ty  l e v e l  i s  intimately connected t o  these var iables ,  t he  
maximum and minimum permissible values of a r t  i f  i c  i a l  grav i ty  
a r e  add i t iona l  parameters o f  i n t e r e s t .  
design envelope w i l l  be an open f igu re  prescr ibed by: 
permissible ?, maximum permissible z, and the  upper and lower 
limits on g. The f igure  w i l l  an open one because the re  is  no 
maximum permissible value o f  ?, the  only l i m i t  being one of 
p r a c t i c a l i t y  . 

and the  upper l i m i t  of a a t  which man can operate 
Since the  a r t i f i c i a l  

Thus, t h e  human f a c t o r s  
minimum 

I n  t h e  process of es tabl ishing the  human fac to r s  design envelope, 
general  p r inc ip les  may also be derived which, i f  observed i n  
engineering design, w i l l  r e su l t  i n  a vehicle  g rav i t a t iona l  en- 
vironment which more near ly  simulates t he  t e r r e s t r i a l  one. 

"he Human Mechanism f o r  Spa t ia l  Orientat ion:  

Man maintains h i s  s p a t i a l  o r i en ta t ion  through in tegra t ion  of 
information concerning the enviroment  which is  t ransmit ted t o  
hLs b r a i n  through h i s  senses. Some discussion of t he  mechanism 
by which man senses h i s  environment w i l l  assist i n  es tab l i sh ing  
h i s  tolerance l i m i t s  t o  the unusual e f f e c t s  of t h e  ro ta t ing-  
vehicle  environment. 
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The sensory mechanism, re fer red  t o  as the  "or ien ta t ion  t r i a d , "  
cons i s t s  of the  eyes, the  ves t ibu lar  organs (Figure 3.14) 
located i n  the  inner ear (the semicircular  canals and the  
o t o l i t h s ) ,  and f i n a l l y  t h e  mechanoreceptors located i n  the 
muscles, tendons, and jo in t s .  Of these,  t he  eyes a r e  the  
primary sensors and, i n  the  absence of any other  s t imuli ,  as 
i n  weightlessness, they provide s u f f i c i e n t  information t o  
permit or ien ta t ion .  

O f  p a r t i c u l a r  s ign i f icance  i s  the  f a c t  t h a t  both the o t o l i t h s  
and the  semicircular canals operate on i n e r t i a l  p r inc ip les .  
The o t o l i t h s  sense l i n e a r  and g rav i t a t iona l  acce lera t ions  while 
the semicircular canals sense angular acce lera t ions .  Therefore, 
any acce lera t ions  ( fo rces )  which a r e  appl ied t o  the  organs a c t  
as stimuli. The impulses which r e s u l t  from the  stimuli a r e  sen t  
t o  the  brain,  where they a re  in tegra ted  with impulses sen t  from 
t h e  eyes and the mechanoreceptors t o  provide man with s p a t i a l  
o r i en ta t ion  and balance. 

Under normal conditions on ear th ,  maintenance of or ien ta t ion  and 
balance i s  a simple matter. The 1-g force  ac t ing  on the  o t o l i t h s  
causes impulses t o  be sen t  t o  the  b ra in  which a r e  congruent with 
what man sees  and f e e l s .  But under complex ro ta t ions ,  accelera-  
t i ons ,  and motions, which occur aboard sh ip  i n  rough seas,  f o r  
example, conf l ic t ing  messages a r e  sent  t o  the  bra in .  The r e s u l t s ,  
some of which most people have experiences a t  one time or another, 
a r e  dizziness ,  loss of or ien ta t ion  and balance, the  appearance 
of v i sua l  i l l u s ions ,  nausea, and i n  severe cases even col lapse.  

The manner i n  which the  conf l ic t ing  impulses i n t e r a c t  with one 
another, and the  influence of o ther  psychosomatic disturbances 
such as anxiety,  fear ,  and f a t i g u r e  on these  in te rac t ions  t o  
produce detr imental  e f f ec t s  is  not completely understood, as i s  
evidenced by the  wri t ings of a u t h o r i t i e s  on the  subjec t .  

Design Limitations Due t o  Canal Sickness: 

Man's response t o  t h e  stimulus on the  t r i a d ,  and p a r t i c u l a r l y  
on the  inner ear,  caused by t h e  complex dynamic force environ- 
ment pecul ia r  t o  the  ro t a t ing  vehicle,  i s  probably the  most 
c r i t i c a l  of a l l  human fac to r s  i n  vehicle  design. 

The changing forces  t o  which mn's body is  subjected while moving 
i n  the  vehicle  are a l s o  applied t o  the  o t o l i t h s  and semicircular  
canals.  The changing gravi ty  forces  and Cor io l i s  forces,  which 
r e s u l t  from locomotion inside the  vehicle  o r  due t o  movement, 
ro t a t ion  or cocking of the head, a c t  on the  ves t ibu lar  mechanism. 
Such overstimulation i s  obviously conducive t o  canal sickness.  
Because of t h e  de te r iora t ion  i n  human performance and comfort 
which r e s u l t ,  spec ia l  a t t en t ion  must be given t o  vehicle  design 
t o  prevent o r  minimize the p o s s i b i l i t y  t h a t  Cor io l i s  forces  
w i l l  produce canal  sickness. 
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Experimental da ta  obtained by Dr. Graybiel a t  t he  U. S. N a v a l  
School of Aviation Medicine a t  Pensacola, Florida,  have 
indicated the  threshold of t h e  occurrence of "canal sickness" 
t o  be approximately 3.82 rpm. 
Department a t  General Dynamics Convair, San Diego, Cal i fornia ,  
under t h e  d i r ec t ion  of Dr. Newsom has obtained data on a r o t a t -  
ing vehicle  that ind ica tes  man can adapt and funct ion e f f ec t -  
ive ly  a t  6 rpm. Tests by both D r .  Graybiel and Dr. Newsom a t  
higher rpm values have indicated problem areas. Therefore, a 
maximum r o t a t i o n  speed of 6 rpm is  se lec ted  f o r  use i n  t h e  
Human Rictors  Design Envelope i n  Figure 3.15. 

However, t he  L i f e  Sciences 

The degree t o  which the  crew m e m b e r  w i l l  i n  f a c t  be a f fec ted  
by canal sickness can be  minimized through proper design. A s  
noted i n  paragraph 3.2, the cross  product of head 
LD is  involved. Clark and HardylO noted and Graybiel corroborated 
t h a t ,  i f  the  head ro t a t ion  takes  place about an a x i s  p a r a l l e l  t o  
t he  sp in  ax i s ,  the  vector  cross  product i s  zero. Hence, t he re  is  
minimum tendency f o r  canal sickness t o  occur. -om a design view- 
point,  then, t h e  crew s t a t i o n  pos i t ions  i n  the vehicle  should be 
or iented s o  that the  a x i s  about which head ro t a t ion  would occur 
most f requent ly  is  p a r a l l e l  t o  t h e  vehicle  sp in  ax i s .  

and vehicle  

Because he l i v e s  i n  a " f la t"  environment man most f requent ly  
r o t a t e s  h i s  head about h i s  longi tudina l  ax is ,  i . e . ,  l e f t - r i g h t .  
Unfortunately, any standing or  s i t t i n g  pos i t i on  i n  the  r o t a t i n g  
vehicle  places  man's longi tudinal  a x i s  perpendicular t o  the  sp in  
ax i s .  This s i t u a t i o n  cannot be avoided. Thus, t he  head ro t a -  
t i o n  n o m l l y  used most by man on ea r th  i s  the  r o t a t i o n  which 
must be minimized i n  the vehicle.  Man w i l l  have t o  l e a r n  t o  
r e s t r i c t  the  ve loc i t i e s  a t  which he tu rns  h i s  head i n  the  l e f t -  
r i g h t  d i r ec t ion  and subs t i t u t e  as much l e f t - r i g h t  eye movement 
as possible .  I n  fac t ,  the subs t i t u t ion  of eye movement f o r  
head r o t a t i o n  was prec ise ly  w h a t  the  subjec ts  i n  the  r o t a t i n g  
room experiments unconsciously learned.  

Although man cannot be oriented ins ide  the  ro t a t ing  vehicle  s o  
t h a t  he can s i t  or stand normally and make normal l e f t - r i g h t  
head movements, an advantage may be gained by or ien t ing  the  crew 
s t a t i o n  pos i t ion  so  t h a t ,  when man is  i n  h i s  normal posi t ion,  
h i s  l a t e r a l  axis-- i .e . ,  an a x i s  through both h i s  ears--will be 
p a r a l l e l  t o  the  sp in  ax i s .  This w i l l  permit maximum up-down 
r o t a t i o n  of the  head w i t h  minimum Cor io l i s  e f f e c t s  on the  canals .  
It follows t h a t  t he  instrument d isp lay  console a t  which the  man 
works should have an up-down r a t h e r  than a l e f t - r i g h t  or ien ta-  
t i on .  
minimum of l e f t - r i g h t  head movement is required i n  performance 
of duty-s ta t ion tasks .  Similarly,  assuming t h a t  most head ro ta -  
t i o n  while i n  bed would occur about man's longi tudina l  ax i s ,  
t he  crew should be oriented a x i a l l y .  

The console and controls should be designed s o  that a 
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No crew duty s t a t i o n s  should be or iented so t h a t  t he  l a t e r a l  
a x i s  l i e s  along a tangent ia l  ax i s ;  f o r  under t h i s  o r i en ta t ion  
both up-down and l e f t - r igh t  head ro t a t ions  would r e s u l t  i n  
s t imulat ing of the  ves t ibu lar  apparatus by Cor io l i s  forces .  

Establishment of the  Upper L i m i t  f o r  A r t i f i c i a l  Gravity: 

A requirement f o r  an upper l i m i t  i n  excess of 1 .g  seems neces- 
sa ry  only f o r  preconditioning a space crew p r i o r  t o  landing on 
a p lane t  or other  c e l e s t i a l  body whose surface grav i ty  l e v e l  
i s  g rea t e r  than t h a t  on earth.  
i n  the  remote f'uture, it appears reasonable t o  s e l e c t  an  upper 
l i m i t  of 1-g. 
requirement t h a t  a t  no time a t  any pos i t i on  i n  the vehicle  
should the  crew member experience more than 1-g (see Figure 3.15). 

Since t h i s  requirement l i e s  

The upper l i m i t  i s  therefore  prescribed by the  

This bas ic  l i m i t a t i o n  has  f u r t h e r  design implications because 
add i t iona l  forces  a c t  when motion takes  place t angen t i a l ly  i n  the  
d i r ec t ion  of spin.  
it would be possible  for a man i n  a vehicle  ro ta ted  t o  provided 
1-g t o  experience more than 1-g i f  he were t o  walk t angen t i a l ly  
i n  the d i r ec t ion  o f  sp in .  
the  d i r ec t ion  of sp in  without exceeding the  bas ic  1-g l i m i t ,  
the  ambient g- level  of the vehic le  must be lower. 
value sets the  upper limit on a r t i f i c i a l  g rav i ty .  

Since the  g-force increases  due t o  t h i s  motion, 

To permit him t o  walk t angen t i a l ly  i n  

This lower 

For an assuned walking veloci ty  of 4 f t / s e c  and for any given 
radius  of ro ta t ion ,  t he  upper l i m i t  on g may be calculated.  
Assuming a n  80-foot radius vehicle  and a maximum permissible 
g-level of 1 f o r  the  walking man, t he  magnitude of 
can be computed as: e f f e c t i v e  

CD = g = = 0.635 rad/sec 
80 C - 

r 
The corresponding l i n e a r  ve loc i ty  a t  f l o o r  l e v e l  i s :  

u r  = 0.635 (80) = 50.80 f t / s e c  

The maximum permissible l i nea r  ve loc i ty  a t  floor l e v e l  for  t he  
vehicle  w i l l  equal the  e f f ec t ive  l i n e a r  ve loc i ty  f o r  1-g l e s s  
t he  walking ve loc i ty  of  the man, i . e .  : 

- - - - 
(w)permissible f o r  vehicle  

50.80 - 4.0 = 46.80 f t / s e c  

(w ' e f fec t ive  man 

The corresponding value of  vehic le  & is: 

LU = m = 46.80 = 0.585 rad/sec - 
r B o  
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and t h e  maximum permissible g-level f o r  the  vehicle  is:  

2 F =w r = (0.585)2 80 = 0.83 g 
32.2 g -  

gC 

Thus, a crew member i n  t h i s  vehicle  could move t angen t i a l ly  i n  
the d i r ec t ion  of sp in  a t  normal walking speed without exceeding 
the 1-g l i m i t .  He would experience 0.85 g when stationary. 

The upper g-limit  curve showing l imi t ing  values of g f o r  a l l  
values of r is shown on the graph of Figure 3.15. The curve 
diverges from the  1-g curve a t  small values of radius ,  where 
the  high values of cause s ign i f i can t  Cor io l i s  e f f ec t s ,  and 
approaches the  1-g curve a t  l a rge  values of radius ,  where the  
Cor io l i s  e f f e c t s  are comparatively negl ig ib le .  

The bas i s  f o r  the  establishment of t h e  1-g l i m i t  is sound. The 
lowering of the  l i m i t  due t o  Cor io l i s  e f f e c t s  i s  t o  some extent  
a r b i t r a r y .  It might w e l l  be argued that, once the  man becomes 
accustomed t o  the ambient g-level, t h e  increase i n  g- level  
experienced when walking t angen t i a l ly  i n  the  d i r ec t ion  of sp in  
w i l l  be an  added burden regardless of whether or not t he  t o t a l  
exceed 1-g. 
ence between t h e  two l imi t s ,  except a t  very small ;, is  probably 
negl igible ,  and s ince engineering p r a c t i c a l i t y  favors  i t s  se lec-  
t ion ,  the  lower value is a useful l i m i t .  

But s ince  f rom a human f a c t o r s  viewpoint t h e  d i f f e r -  

Establishment of t h e  Lower Limit f o r  A r t i f i c i a l  Gravitx: 

Many designers have specif ied qui te  low values of a r t i f i c i a l  
g rav i ty .  The low l e v e l s  se lec ted  r e f l e c t  one or more of t h e  
following considerations:  

a. Belief t h a t  small values of a r t i f i c i a l  g rav i ty  a r e  
su f f i c i en t  from a human fac tors  viewpoint. 

b.  
u l a r l y  f o r  t he  minimal-capability vehicles  of t h e  immediate 
fu ture .  

A requirement f o r  p r a c t i c a l i t y  and s implici ty ,  p a r t i c -  

c. Desire f o r  a low l e v e l  of g f o r  convenience--i.e., t o  
keep objec ts  i n  place, t o  permit use of conventional plumbing, 
t o  make use of na tu ra l  convection, e t c .  

Work conducted by Beebe'* and Roberts13 ind ica te  t h a t  from a 
human f a c t o r s  viewpoint a lower l i m i t  of 0.2 g should be 
establ ished.  The experiments involved an  evaluat ion of t h e  
a b i l i t y  of a man t o  walk unaided under various l e v e l s  of 
f r a c t i o n a l  gravi ty(1ess  than 1-g and more than 0-g). The 
f r a c t i o n a l  grav i ty  l e v e l s  were obtained by f ly ing  a C - 1 3 1  
a i r c r a f t  through Keplerian t r a j e c t o r i e s .  The work performed 
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by Roberts ind ica te  a d iscont inui ty  of almost a l l  of the t e s t  
var iab les  
equi2ment and reached the  following conclusion: 
l i m i t  of grav i ty  a t  which a man could walk unaided was found 
t o  be 0.12g. 
i s  assumed t o  be the lowest poss ib le  l i m i t .  The lower l i m i t  
observed f o r  
about .l7g. lfl* Due t o  an  inconsis tent  behavior observed i n  
su i t ed  subjects ,  a value of 0.2g as a minimum l e v e l  where man 
can walk unaided was selected f o r  use i n  t h i s  paper. 

a t  a l e v e l  of 0.2 g. Beebe used Robert 's t e s t  
"The lower 

However, t h i s  was f o r  an  unsuited condition and 

ubjec ts  walking i n  pressure s u i t s  a t  3.7 p s i  was 

From a human f a c t o r s  viewpoint, t h e  g- level  a t  which man can 
walk unaided appears t o  be a l o g i c a l  choice f o r  the  lower g- 
l i m i t .  Any lower value would probably provide an environment 
of convenience more than one which r e f l e c t s  the  psychophysio- 
l o g i c a l  requirements of man. 

Following the  same reasoning appl ied t o  the  bas ic  upper l i m i t  
of 1-g, t he  Cor io l i s  e f f ec t  f o r  t h e  crew member walking tangent i -  
a l l y  aga ins t  the sp in  es tab l i shes  a lower l i m i t  which i s  something 
g rea t e r  than the bas ic  0.2-g l i m i t .  
t h e  lower l i m i t  i s  calculated t o  be 0.277 g. 
3.15 shows the  lower l i m i t  f o r  a l l  values of radius .  A s  i n  t h e  
case of the  upper l i m i t ,  t he  modification is more s ign i f i can t  
a t  smaller values of radius.  

For the  80-foot-radius vehicle ,  
The curve i n  Figure 

If the  bas ic  lower l i m i t  as assumed t o  be t h a t  minimum l e v e l  of 
g a t  which man can walk unaided, t h e  modification of the  bas i c  
lower l i m i t  due t o  Coriol is  e f f e c t s  i s  e a s i l y  j u s t i f i e d ,  f o r  
under no circumstances would it be des i r ab le  f o r  the  walking 
man t o  experience a g-level a t  which he could not walk unaided. 

Limitation Due t o  Gravity Gradient: 

There is  no experimental evidence ava i l ab le  on the  e f f e c t  of 
a gravi ty  gradient  on man, nor is the re  any nonorbi ta l  experi-  
ment which can b e  performed t o  determine man's tolerance t o  a 
g rav i ty  gradient  a t  l e v e l s  of l e s s  than 1-g. A s  a r e s u l t ,  it 
has been necessary t o  assume some maximum permissible percentage 
of head-to-foot grav i ty  gradient t o  f loo r - l eve l  grav i ty .  Payne14 
and Dole1? s e l e c t  an a r b i t r a r y  maximum 15 percent;  i.e., no value 
of radius w i l l  be used f o r  which the  g rav i ty  gradient  between 
head and f e e t  i s  more than 13 percent of f loor - leve l  gravi ty .  
If a 6 foot  man i s  considered it can be  seen from Figure 3.13 
t h a t  a lower l i m i t  on r of 40 f t  i s  necessi ta ted.  

C H A ~ ~ L i m i t a t i o n s  Due t o  Coriol is  Ef fec ts  on Locomotion: 

A considerat ion of Coriolis e f f e c t s  on locomotion from a human 
f a c t o r s  viewpoint can best b e  analyzed by considering the  e f f e c t s  
f o r  each of t he  th ree  components of motion: radial, tangent ia l ,  
and axial ,  as was done in paragraph 3 . 2 .  
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For radial motion i n  the  v i c i n i t y  of t h e  a x i s  of ro ta t ion ,  
the  d i s t o r t i o n  of t h e  grav i ta t iona l  environment due t o  t he  
change i n  r e su l t an t  force both i n  magnitude and d i rec t ion ,  a s  
discussed i n  paragraph 3.2, would probably cause the  onset of 
i l l u s i o n s  and mental confusion. 

Radial  t ranspor t  across  the a x i s  of r o t a t i o n  would be p a r t i c u l a r l y  
s t r e s s f u l  since the  d i rec t ion  of "down" would reverse.  The 180- 
degree change i n  body posi t ion would have t o  be performed i n  the  
v i c i n i t y  of the ax is .  
ves t ibu lar  apparatus which would accompany t h i s  maneuver, r a d i a l  
t ranspor t  across the ax is  of ro t a t ion  or even s ta t ionary  a c t i v i t y  
a t  the  ro t a t ing  a x i s  could probably not be to le ra ted  unless t he  
''hub" of t he  vehicle were nonrotating, with provision made f o r  
t r ans fe r  from moving "spoke" t o  nonrotating hub a t  some minimum 
radius,  as from 6 t o  10 fee t .  

Because of the  changing s t imu l i  t o  t h e  

From a design viewpoint, the  minimization of the adverse e f f e c t s  
on man of r a d i a l  motion can be e f fec ted  by conducting a l l  normal 
a c t i v i t y  as far away from the  a x i s  of ro t a t ion  a s  possible  (s ince 
a l a rge  radius  minimizes the e f f e c t ) ,  by keeping r a d i a l  t r a f f i c  
t o  a minimum, by precluding t ranspor t  across t h e  a x i s  or a c t i v i t y  
a t  t h e  a x i s  unless the  hub of the  vehicle i s  nonrotating, and 
f i n a l l y ,  by minimizing r a d i a l  movement of hands, arms, legs ,  
and f e e t  a t  the  crew duty s t a t ions .  

Tangential motion has previously been discussed i n  es tab l i sh ing  
upper and lower a r t i f i c i a l  g rav i ty  limits. The change i n  g rav i ty  
experienced by the  crew member walking tangent ia l ly  poses a problem 
i n  t h a t  there  is  no experimental evidence t o  indicate  t h e  a b i l i t y  
of man t o  discriminate between small gradations of grav i ty  or on 
the  maximum permissible deviation from l o c a l  g-level which can be 
to le ra ted  without adverse psychophysiological or locomotive 
e f f ec t s .  
cent var ia t ion  between tangent ia l  walking and s ta t ionary  gravi ty  
l eve l s .  

Dole15 places  a maximum permissible l i m i t  of 50 per- 

For a x i a l  walking, t he  only pecu l i a r i t y  t o  be observed i s  t h a t  
t he  r a d i a l  components of limb ve loc i ty  w i l l  r e s u l t  i n  applying 
s ide  Coriol is  forces  t o  the limbs. But because t h e  r a d i a l  
ve loc i ty  component of the arms and l egs  w i l l  be  small, and 
because the  r a d i a l  motion w i l l  be reciprocat ing i n  nature, the  
disturbance w i l l  probably be minor per turbat ions of t he  limbs 
accompanying r a the r  than hindering locomotion. A s  a foo t  is  
raised,  f o r  example, it w i l l  be def lected sideways by a small 
Corio l i s  force.  A s  it is planted, t he  force  w i l l  a c t  i n  t he  
opposite d i rec t ion  with the result t h a t  t he  foot  w i l l  more o r  
l e s s  be planted i n  l i n e  with the  intended d i r ec t ion  of walk. 
There w i l l  be some ef fec t  on the  ves t ibu lar  apparatus due t o  
Cor io l i s  forces  which r e su l t  from r a d i a l  bobbing of t he  head 
while walking (which w i l l  a l s o  occur when walking tangent ia l ly) ,  
bu t  i n  general  the  e f fec ts  w i l l  not be so c r i t i c a l  as those 
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which accompany radial and t angen t i a l  motion. Because a x i a l  
motion r e s u l t s  i n  t h e  least d i s t o r t i o n  of t he  a r t i f i c a l  g rav i ty  
environment, the  vehicle  should probably be designed t o  take  
advantage of t h i s  f a c t ;  i .e. ,  t h e  major dimensions of t h e  l iv ing-  
working compartment should be placed parallel t o  the  vehicle  
sp in  ax i s .  

Results of Human Factors Analysis: 

The Human Factors Design Envelope: 

An examination of t h e  tolerance l i m i t  curves superimposed on 
the  bas ic  versus ? graph of Figure 3.15 ind ica tes  that the  
human f a c t o r s  design envelope is prescr ibed on t h ree  s ides  by 
the  upper g-limit ,  t h e  lower g-limit, and the  upper l i m i t  on 
G of 6 rpm. Since the  other human f a c t o r s  s t r e s s - l imi t  curves 
l i e  outs ide t h e  envelope, the s t r e s s  limits they represent  w i l l  
not normally be exceeded in t he  living-working compartment f o r  
any operating point  of G and F which l i e s  within the  envelope. 

Human Factors Design Pr inc ip les :  

In addi t ion  t o  the  design envelope (Figure 3.15), t he  general  
p r inc ip les  t h a t  should be observed i n  a space s t a t i o n  design 
a r e  : 

a. Radial t r a f f i c  should be kept t o  a minimum. 

b. 
t he  sp in  a x i s  should be prohibited unless  the  hub is  n o n r o t a t i x .  

Transport across  the  sp in  a x i s  and human a c t i v i t y  a t  

c. "he living-working compartment should be loca ted  as 
far as possible  from the  ax is  of ro t a t ion .  

d. The compartment should be or iented so  t h a t  t h e  d i r e c t i o n  
of t ra f f ic - - i . e . ,  the major dimension of t h e  compartment--is para l -  
l e l  t o  t h e  vehicle  sp in  axis.  

e. Crew duty-station pos i t ions  should be or iented so tha t ,  
during normal a c t i v i t y ,  the l a t e r a l  a x i s  through the  crew member's 
ears i s  p a r a l l e l  t o  t h e  spin ax i s .  
ment, t he  work console instruments and cont ro ls  should be designed 
so that l e f t - r i g h t  head ro ta t ions  and up-down arm motions are mini- 
mized. 

In conjunction with t h i s  require-  

f .  Sleeping bunks should be or iented with t h e i r  long axes 
p a r a l l e l  t o  the vehicle  spin a x i s .  

g. The presence of conf'using v i s u a l  s t imu l i  should be mini- 
mized. For example, the apparent convergence of  t he  v e r t i c a l  
from any two poin ts  separated t angen t i a l ly  should be played down 
by proper i n t e r i o r  decoration and, except f o r  necessary observa- 
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t i o n  ports ,  which should be covered when not i n  use, t h e  
living-working compartment should be windowless. 

3.4 SUMMARY 

The in t en t  of t h i s  paper is t o  present  a quick reference t o  the  
a r t i f i c i a l  gravi ty  considerations f o r  a revolving space s t a t ion .  
The author has taken the  l i b e r t y  t o  s e l e c t  various passages from 
the  references and inser t  them almost verbatim i n  t h i s  paper. 
The paper discussed the  r e s u l t s  of experimental work performed 
by Dr. Graybiel and Dr. Newsom. These experimental da ta  provided 
the  bas i s  f o r  t h e  upper l i m i t ,  f o r  the  ro t a t ion  speed of a space 
s t a t ion ,  i n  the  human fac to r s  design envelope (Figure 3.15). I n  
addition, the  a r t i f i c i a l  gravity environment defined i n  paragraph 
3.2 shows a quant i ta t ive  picture  of t he  theo re t i ca l  aspects  of 
t he  environment. 

The human fac to r s  design envelope presented i n  Figure 3.15 
accounts or more recent  experimental data  t h a t  wits not ava i lab le  
t o  Loret. 5 
The design envelope shown i n  Figure 3.15 prescr ibes  the following 
parameters : 

a.  The Upper Limi t  on Vehicle Angular Velocity (&) - 
establ ished a t  6 rpm, based on t h e  work by Graybiel and Newsom. 

b. The Upper L i m i t  on A r t i f i c i a l  Gravity - establ ished as 
a 1-g maximwn, modified t o  compensate f o r  Coriol is  e f f e c t s  f o r  
tangent ia l  walking i n  t h e  d i r ec t ion  of spin.  

C .  The Lower L i m i t  on A r t i f i c i a l  Gravity - establ ished a s  
0.2 g minimum on the  assumption that the  lowest value of a r t i f i c i a l  
g rav i ty  t o  be permitted is  t h a t  minimum value (0.w g )  a t  which man 
can walk unaided, t he  minimum l i m i t  modified t o  compensate f o r  
Coriol is  e f f e c t s  f o r  tangent ia l  walking aga ins t  t he  spin.  

d. The Lower Limit on Rotation Radius ( r )  - establ ished 
a t  40 f e e t .  However, t h i s  rad ius  i s  based on the a r b i t r a r y  
se l ec t ion  of 15 percent as  t he  maximum value f o r  t h e  g rav i ty  
gradient  between head and f ee t ,  and corresponds t o  a man o f  
6 f e e t  height.  

I n  addi t ion  t o  the  design envelope the  following human fac to r s  
design pr inc ip les  were proposed by Loret .9 

a. Radial t r a f f i c  should be kept t o  a minimum. 

b.  Transport across  the  sp in  a x i s  and human a c t i v i t y  a t  
the  sp in  a x i s  should be prohibited unless t he  hub i s  nonrotating. 



c. The living-working compartment should located as 
far as possible  from the  sp in  ax i s .  

d. The compartment should be or iented so t h a t  i t s  major 
dimension i s  p a r a l l e l  t o  the  vehicle  sp in  a x i s .  

e. Crew duty-station pos i t ions  should be or iented t o  
provide the  preferred or ien ta t ion  of the crew member's l a t e r a l  
ax i s .  

f .  Sleeping bunks should be or iented with t h e i r  long a x i s  
p a r a l l e l  t o  the  vehicle  spin ax is .  

g. The presence of  conf'using v i sua l  stimuli should be 
minimized. 

h. Select ion and Training of Crew Members: 

Because canal sickness is t h e  most c r i t i c a l  of human 
f a c t o r s  connected with the  a r t i f i c i a l  g rav i ty  environ- 
ment, screening of as t ronaut  candidates should include 
an evaluation of s u s c e p t i b i l i t y  t o  canal sickness.  
Effor t  should be devoted t o  the design of the  t e s t  
device and t e s t  procedure. 

Astronauts i n  t r a in ing  f o r  duty i n  t h e  a r t i f i c i a l  
g rav i ty  environment should be exposed t o  the  pecul i -  
a r i t i es  of a rotat ing-vehicle  environment t o  t he  
ex ten t  t h a t  earthbound f a c i l i t i e s  w i l l  permit. 
E f fo r t  should be devoted t o  development of a t r a i n -  
ing f a c i l i t y  which w i l l  most near ly  simulate the  
rotat ing-vehicle  environment. 
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4.0 

4.1 

LOGISTICS - INTRODUCTION 

4.1 

The major differences tha t  e x i s t  between l o g i s t i c  requirements 
fo r  t h e  a r t i f i c i a l  and zero g rav i ty  space s t a t i o n  configurations 
l i e  i n  t h e  type, number, and duration of t h e  experiments which 
a re  t o  be performed within a given space s t a t i o n ' s  mission. 
However, i f  t h e  c r i t e r i o n  i s  es tab l i shed  t h a t  l o g i s t i c s  require- 
ments a re  not considered s a t i s f i e d  u n t i l  t h e  item( s )  requi red  
a re  loaded on-board t h e  space s t a t i o n ,  then considerable d i f f e r -  
ence e x i s t s  between t h e  storage,  handling and t r a n s f e r  techni- 
ques. 
encountered i n  servicing a r t i f i c i a l  g rav i ty  space s t a t i o n s  as 
opposed t o  nonrotating zero g rav i ty  space s t a t i o n s .  

This d i f fe rence  a r i s e s  fYom t h e  added complications 

CONFIGURATION IMPLICATIONS 

Assuming t h a t  t h e  l o g i s t i c s  requirements a re  not s a t i s f i e d  
u n t i l  t h e  equipment i n  question i s  t ranspor ted  from t h e  log i s -  
t i c s  vehic le  t o  t h e  space s t a t i o n ,  i n s t a l l e d ,  and i n  operation 
then, t he  l o g i s t i c s  problem i s  g r e a t l y  a f f ec t ed  by t h e  type 
and/or configuration of  t he  space s t a t i o n .  For t h e  zero g rav i ty  
configuration, t he  solution of  t h e  l o g i s t i c s  problem i s  s t r a i g h t -  
forward. Where an a r t i f i c i a l  g rav i ty  space s t a t i o n  i s  involved, 
t h e  l o g i s t i c s  problem i s  more complex. 

Transferring equipment fYom t h e  l o g i s t i c s  vehic le  t o  a zero 
g r a v i t y  space s t a t i o n  involves a docking maneuver af'ter which 
equipment may be t ransfer red  by use of  s p e c i a l  equipment mounted 
i n  t h e  space s t a t i o n  and/or l o g i s t i c s  vehic le .  

Transferring equipment from t h e  l o g i s t i c s  vehic le  t o  an ar t i f i -  
c i a l  g r a v i t y  space s t a t ion  a l so  involves a docking maneuver. 
The docking operation can only be performed with the  hub or 
non-rotating por t ion  of t h e  space s t a t i o n .  Transferring equip- 
ment t o  t h e  r o t a t i n g  arms o f  t h e  s t a t i o n  can be accomplished i n  
t h e  same manner a s  a crew member t r a n s f e r s  from t h e  s t a t iona ry  
t o  the  r o t a t i n g  regions of t h e  space s t a t i o n .  A s  a r e s u l t ,  it 
w i l l  not be poss ib le  t o  make e f f e c t i v e  use of t he  l o g i s t i c s  
vehic le  i n  t h e  i n s t a l l a t i o n  and checkout of equipment as  i n  t h e  
case of  t h e  zero gravi ty  s t a t ion .  I n  addition, a l l  equipment 
t r ans fe r r ed  i n  t h i s  manner w i l l  be l imi t ed  i n  s i ze ,  shape, 
weight ( i n  the  g r a v i t y  induced regions) and i n s t a l l a t i o n  require- 
ments. 
i ng  a r m s  (ac t ing  as chutes) t o  t r a n s f e r  some or a l l  of t h e  
required equipment. 
t o  s top  t h e  r o t a t i o n  t o  complete t h e  t r a n s f e r  process. 

A spec ia l  lif't may have t o  be provided i n  t h e  connect- 

It i s  poss ib le  t h a t  it w i l l  be necessary 

There are t h r e e  major l o g i s t i c s  u e a s  associated with all space 
s t a t i o n s  and t h e i r  respective missions: experiments, o r b i t  
maintenance, and housekeeping. These areas a re  described i n  
t h e  following sec t ions .  
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LOGISTICS REQULREMENTS FOR SPACE STATION EXPEXIMENTS 

This a rea  o f  l o g i s t i c s  may or may not f a l l  i n  t h e  category of 
resupply. 
t ranspor ta t ion ,  t o  and fiom the  space s t a t i o n ,  o f  experiment 
equipment, spec ia l ly  t r a ined  personnel and s c i e n t i s t s  , and 
spec ia l  consumables and/or r eac t an t s  r e l a t e d  t o  p a r t i c u l a r  
experiments or equipment operation. Resupply i n  t h i s  area may 
be requi red  depending on t h e  duration of t h e  experiments and 
the  consumption r a t e  o f  spec ia l  experiment-related consumables. 
I n  respec t  t o  the  l a t t e r ,  resupply w i l l  depend on the  weight 
and volume available;  the usable l i f e  span of t h e  substance(s) 
i n  question; and t h e  length of t h e  l o g i s t i c s  resupply in t e rva l .  
This i s  p a r t i c u l a r l y  t rue  where r a d i a t i o n  experiments a re  con- 
cerned, as  wel l  as for photographic missions involving l a rge  
quan t i t i e s  of exposed and unexposed f i l m  of various types. 
F l e x i b i l i t y  i n  the  length o f  t h e  l o g i s t i c s  resupply i n t e r v a l  
may be des i red  i n  t h e  case of t h e  bioscience program where the  
exposure time of experiment specimens t o  various space condi- 
t i o n s  may be c r i t i c a l .  

Logis t ics  for  experiments deal,  primarily,  with the  

De ta i l s  on spec ia l  experiment-related t e s t ,  maintenance, and 
i n s t a l l a t i o n  equipment requirements requi re  formal d e f i n i t i o n  
of  space s t a t i o n  equipment a t  t h e  time of launch, as well  as 
of t h e  space s t a t i o n ' s  mission and t h e  equipment t o  be i n s t a l l e d  
and/or operated during the course of  t h e  mission. 

LOGISTICS RFQUIREMENTS FOR SPACE STATION ORBIT MAIIVTENANCE AND 
STABILIZATION 

Logis t ics  requirements i n  t h i s  a rea  are pr imar i ly  r e l a t e d  t o  
propulsion and r eac t ion  control.  O r b i t  maintenance i s  required 
because o f  space s t a t i o n  o r b i t a l  decay, but t h e  extent and/or 
magnitude of  t he  propulsion requirements depends on t h e  mass 
and configuration of the space s t a t i o n  and on t h e  length  of t h e  
i n t e r v a l  between o r b i t  maintenance maneuvers. Reaction con t ro l  
requirements e x i s t  fo r  the purpose of space s t a t i o n  s t a b i l i z a -  
t i o n ,  but t h e  extent and/or magnitude of  t he  l o g i s t i c s  require- 
ments depends on t h e  size and a c t i v i t y  of t h e  crew and on the  
a t t i t u d e  hold and o r i en ta t ion  requirements of p a r t i c u l a r  exper- 
iments. Reaction control requirements are also dependent on 
t h e  mass and moment of i n e r t i a  of t h e  space s t a t i o n .  

If the  propulsion requirements for o r b i t  maintenance a re  t o  be 
met with an Apollo Service Module propulsion system, t h e  e n t i r e  
u n i t  w i l l  have t o  be replaced af'ter 720 seconds of operation. 
This i s  t h e  design l i f e  of  t he  ab la t ive  chamber o f  t h e  Apollo 
Primary Propulsion System. Since t h e  Service Module i s  capable 
of carrying s u f f i c i e n t  propellant for t h i s  burning time, no 
propellant resupply, as such, should be required.  If t h i s  sys- 
tem i s  equipped with a propulsion system having t h e  capab i l i t y  
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of  a longer burning t ime,  p rope l lan t  resupply may be i n  order.  
However, it would be necessary t o  increase t h e  burning time of  
t h e  engine by multiples of 720 seconds t o  warrant propel lan t  
resupply f o r  t h e  Apollo system. 
surant must a l so  be resupplied. If o r b i t  maintenance correc- 
t i o n s  a re  t o  be performed with t h e  l o g i s t i c s  veh ic l e ' s  propulsion 
system, it w i l l  be necessary t o  load  add i t iona l  propel lan t  and 
pressurant f o r  t h i s  operation, but t h i s  requirement does not 
f a l l  i n  t h e  general  category o f  resupply. 

I n  t h i s  case,  p rope l lan t  pres- 

Reaction con t ro l  l o g i s t i c s  w i l l  cons is t  p r imar i ly  o f  resupplying 
t h e  system with propellants and pressurant.  Oxidizer and f'uel 
must be supplied i n  accordance with the  design mixture r a t i o  
(2:l) f o r  t h e  RCS engines, with a maximum requirement equal t o  
t h e  usable tank capacity p lus  t h e  volumes of t h e  t r a n s f e r  l i n e s .  
Since these  systems use p o s i t i v e  expulsion bladders, t h e  low 
pressure s ide  of t he  pressur iza t ion  subsystem w i l l  have t o  be 
vented a t  constant pressure during the  propel lan t  t r a n s f e r  
operation t o  prevent unbalanced s t r e s s e s  i n  the  bladders. 
Since the  resupply system on t h e  l o g i s t i c s  vehic le  must be of 
t h e  same magnitude as tha t  o f  t h e  space s t a t i o n ,  t h e  t r a n s f e r  
requirements can be minimized by bleeding t h e  low pressure s ide  
of  t he  pressur iza t ion  system t o  below operating pressure,  
thereby lowering the  t r ans fe r  pressure requirements. This w i l l  
r equ i r e  closing the  pressur iza t ion  system regu la to r s  during t h i s  
process. The high pressure system w i l l  have t o  be f i l l e d  from 
another high pressure system, though a compression device could 
be u t i l i z e d  f o r  t h i s  purpose. This choice, based on optimiza- 
t i o n  of systems, w i l l  depend on t h e  quant i ty  of  pressurant t o  
be t ransfer red .  In  any event, high pressure resupply l o g i s t i c s  
w i l l  r equ i r e  a cryogenic cooling bath t o  decrease t h e  f i l l  time 
due t o  compressive heating e f f e c t s  experienced by t h e  pressurant 
during the  f i l l i n g  process. The magnitude and/or ex ten t  of  t h i s  
requirement w i l l  depend on t h e  amount of  pressurant t o  be t rans-  
fe r red ,  t h e  f i n a l  f i l l  pressure,  and t h e  time allowed f o r  t h e  
operation. 

Periodic RCS propellant tank replacements may be requi red  due 
t o  bladder recycle l imi ta t ions .  This would cause a consider- 
able loss  of propellants because of  excess loads f o r  contin- 
gencies provided a t  i n i t i a l  s t a t i o n  launch (resupply i n t e r v a l  
p lus  50 percent).  If the contingency requirements can be mini- 
mized, it may be advantageous t o  rep lace  a l l  RCS propel lan t  and 
p res  sur ant storage subsystems a t  e ach l o g i s t i c s  r e  supply 
i n t e r v a l .  This i s  espec ia l ly  t r u e  of t h e  high pressure s to r -  
age system (provided the hardware problems of  breaking and 
sea l ing  high pressure l i n e s  can be resolved).  
i n t e g r a l  p a r t  o f  t he  l o g i s t i c s  requirement t o  perform an ade- 
quate check of  a l l  systems t h a t  have been opened i n  any way t o  
insure t h a t  no leaks  e x i s t  a f t e r  t h e  resupply operation has 

It may be an 
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taken place.  Special  equipment w i l l  have t o  be supplied t o  
perform the  necessary systems checks t o  s a t i s f y  t h i s  require-  
ment. Special  hardware concepts w i l l  have t o  be devised t o  
f a c i l i t a t e  t h e  work involved i n  these  operations.  

Reaction control  rocket engines must be replaced per iodica l ly ,  
depending on t h e i r  mode o f  operat ion and t o t a l  burning time. 
A s  these  engines have ablat ive chambers, the  char depth becomes 
c r i t i c a l  with operation. Generally, g rea t e r  t o t a l  burning 
times can be obtained with long durat ion burns than with small 
per iodic  burs t s .  However, s ince not a l l  engines a re  operated 
i n  the  same sequence nor f o r  equal time periods,  not all engines 
w i l l  r equi re  replacement a t  t he  same time. 
may be desirable  t o  keep t r a c k  of t h rus t e r  operation t o  deter-  
mine which engines must be replaced a t  each l o g i s t i c s  resupply 
i n t e r v a l .  

As a r e s u l t ,  it 

It i s  doub t f i l  t h a t  t h e  current Apollo RCS propel lant  tanks and 
helium p res swan t  can be used fo r  t he  long duration l o g i s t i c s  
i n t e r v a l s  present ly  planned f o r  space s t a t i o n  resupply. The 
reason for this  i s  t h a t  helium permeates the  t e f l o n  bladders 
used t o  expel propel lants .  A s  a r e s u l t ,  helium becomes entrained 
i n  t h e  propel lant  and passes i n t o  t h e  combustion chamber where 
it can i n t e r f e r e  with t h e  combustion process. 
a new pressur iza t ion  system w i l l  have t o  be developed which 
decreases l o g i s t i c s  requirements for hardware replacement. 

Because o f  t h i s ,  

4.4 LQGISTICS REQUlREMENTS FOR SPACE STATION HOUSEKEEPING 

This a rea  of l o g i s t i c s  l i e s  predominantly i n  the category of 
resupply. The l o g i s t i c s  requirements a re  food, cryogenics, 
spare components, and space s t a t i o n  personnel. 

Food, spare components, e tc .  can be t r ans fe r r ed  bodi ly  *om the  
l o g i s t i c s  vehicle .  Since a l l  systems a re  designed for i n i t i a l  
loads having a 50 percent excess f o r  contingencies,  consumables 
should be capable of storage f o r  t he  fill resupply i n t e r v a l  
including t h e  t o t a l  amount for delays i n  resupply. Food can be 
packaged i n  s m a l l  quant i t ies  which w i l l  f a c i l i t a t e  consumption 
according t o  a dating system t o  prevent spoilage.  

I n  the  case of cryogenics, t he  aspect i s  qui te  d i f f e ren t .  These 
f l u i d s  are  s tored  as cryogens and must be resuppl ied i n  the  
same s t a t e .  However, because of t h e  l a rge  thermal loads asso- 
c i a t ed  with long duration s torage of low temperature f l u i d s ,  it 
i s  e s s e n t i a l  t o  minimize t h e  s torage a rea  i n  order t o  make t h e  
insu la t ion  requirements p rac t i ca l .  
s a t i s f i e d  by la rge  spherical  containers .  For a given storage , 

volume, t he  sphere of fe rs  t h e  smallest  surface area,  and l a rge  
s torage volumes permit la rger  heat  loads for t he  same operating 
conditions.  A s  a r e s u l t ,  l o g i s t i c s  requirements i n  t h i s  area 

This requirement i s  b e s t  



are  governed not only by mission requirements but by hardware 
l imi ta t ions  and system operating philosophy. However, t he  
requirement t o  resupply influences tank design and system 
operation also.  

A c e r t a i n  amount of  f l u i d  waste i s  involved i n  any resupply 
operation involving cryogenic f lu ids .  The amount of waste can 
be minimized or made as  la rge  as  t h e  excess contingency loads 
by proper choice of system operation. 
addi t ional  l o g i s t i c s  requirements may be necessary i n  t h e  form 
of e l e c t r i c a l  power i n  order t o  pressurize  t h e  storage system 
af'ter loading. 

Under ce r t a in  conditions,  

Cryogenic storage i s  a necessary e v i l  t o  which r e s o r t  i s  made 
i n  order t o  obtain large storage dens i t ies .  P r a c t i c a l  consi- 
derat ions on ea r th  d i c t a t e  t h a t  space s t a t i o n  storage systems 
be designed for  f i l l  or loading operations involving f lu ids  i n  
t h e  l i q u i d  s t a t e  i n  equilibrium with the  vapor phase a t  one 
atmosphere of pressure.  A s  a r e s u l t  a resupply operation must 
r e s to re  the  system t o  i t s  i n i t i a l  f i l l  densi ty  condition. Once 
the  system i s  f i l l e d ,  it may be operated i n  the  s u b c r i t i c a l  
range (where t h e  l i q u i d  remains i n  equilibrium with i t s  vapor) 
a t  any s u b c r i t i c a l  pressure desired.  Also, t he  system may be 
permitted t o  pressurize  a t  constant volume and constant bulk 
densi ty  u n t i l  it becomes a pressurized l i q u i d  a t  any pressure 
above i t s  sa tura t ion  pressure. Where supe rc r i t i ca l  operation 
i s  desired,  t h e  pressurizat ion operation i s  permitted t o  pro- 
ceed u n t i l  the  pressure goes above the  c r i t i c a l .  Hence, s ince 
storage systems must operate at constant pressure,  a s u b c r i t i c a l  
system, being a low pressure system, contains a two-phase f l u i d  
involving a high density l i q u i d  and a low densi ty  vapor whereas 
a s u p e r c r i t i c a l  system involves a high densi ty  s ing le  phase 
f l u i d  which goes f rom l iqu id  t o  gas where the  temperature or 
storage densi ty  goes beyond the  phase t r a n s i t i o n  point  a t  i t s  
operating pressure.  The f l u i d  densi ty  of t h e  s u p e r c r i t i c a l  
system i s  not constant and decreases s t e a d i l y  throughout system 
operation. Further,  the f l u i d  densi ty  i n  a s u p e r c r i t i c a l  sys- 
tem i s  always grea te r  t h a n  t h a t  o f  t he  vapor when t h e  system i s  
oper a t  e d subcr it i c  al . 
If a storage system i s  resupplied by replacing the  p a r t l y  empty 
storage tanks with f ' u l lones ,  then the  weight of  f l u i d  wasted 
i s  the  same fo r  e i t h e r  a s u b c r i t i c a l  or s u p e r c r i t i c a l  system 
and i s  equal t o  t h e  ex t ra  amount o r ig ina l ly  loaded for contin- 
gencies, i .e.,  approximately 50 percent of t h e  weight of f l u id  
ac tua l ly  required f o r  resupply. If the  system i s  resuppl ied 
through a t r ans fe r  l i n e  whereby t h e  tanks are r e f i l l e d ,  then 
t h e  l o g i s t i c  requirements a re  qui te  d i f f e ren t  for  t h e  two modes 
of system operation. 

Transferring cryogenic l i qu ids  i n  space requi res  a pos i t i ve  
expulsion device. This i s  p r a c t i c a l l y  l imi ted  t o  a bladder o r  
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bellows operated or  compressed by a gas pressurant expanding 
from a high pressure source. 
i s  s u f f i c i e n t l y  low, t h e  expansion system w i l l  su f f ice  t o  
accomplish the  operation. 
be t ransfer red  and/or i f  the  required t r ans fe r  pressure i s  
s u f f i c i e n t l y  high, t he  expansion system may be aided with a 
pump. However, pump operation imposes addi t iona l  l o g i s t i c s  
requirements f o r  e l e c t r i c  power, and an optimization study must 
be performed t o  es tab l i sh  optimum t r ans fe r  operation and log is -  
t i c s  requirements. 

If t h e  required t r a n s f e r  pressure 

Where la rge  f l u i d  quan t i t i e s  a re  t o  

A l l  l i q u i d  t r ans fe r  operations requi re  storage system venting. 
"his operation i s  required because t h e  resupply l i q u i d  must take 
up the  volume formerly occupied by t h e  gas o r  vapor i n  the  
storage system. 
must be made up i n  t h e  resupply operation and cons t i tu tes  an 
addi t iona l  l o g i s t i c s  requirement over and above the  weight of 
f l u i d  used i n  normal space s t a t i o n  operation. 
t i c s  f l u i d  requirements must be supplied t o  cool and f i l l  the  
t r ans fe r  l i n e  during t h e  f i l l  o r  resupply operation. 
must continue throughout t he  f i l l  operation, t he  t r ans fe r  oper- 
a t ion  must proceed a t  a s u f f i c i e n t l y  low r a t e  t o  minimize agi- 
t a t i o n  which w i l l  c reate  entrained l i q u i d  p a r t i c l e s  i n  the  
expelled vapor. 
storage tank design. 

The weight of f l u i d  l o s t  i n  t h i s  operation 

Additional log is -  

A s  venting 

This condition may be control led by proper 

If  t h e  storage system t o  be f i l l e d  i s  operating subc r i t i ca l ,  t h e  
weight of  f l u i d  l o s t  i n  the t r ans fe r  operation i s  l e s s  than fo r  
any other  type of  operation. 
densi ty  of t he  expelled vapors, and the  high l a t e n t  heat of 
vaporization of the  l i qu id  which permits higher thermal loads 
throughout the  flow network. Further,  under s u b c r i t i c a l  condi- 
t i o n s  it i s  possible  t o  f i l l  t h e  ves se l  completely while venting 
a t  operating pressure.  
be resupplied,  and t h e  tank can be placed on stream immediately 
as no pressurizat ion i s  required,  and the  l i q u i d  remains i n  
equilibrium with i t s  vapor a t  all times. 

The reason for  t h i s  i s  the  low 

In t h i s  manner the  m a x i m u m  amount may 

If the  storage system i s  operated supe rc r i t i ca l ,  t he  resupply 
operation i s  more cos t ly  and complex. If su f f i c i en t  f l u i d  has 
been extracted from t h e  storage system t o  take the  f l u i d  t o  the  
gaseous s t a t e ,  (as  w i l l  d e f i n i t e l y  be t h e  case) ,  then it w i l l  
be necessary t o  vent the  storage vesse ls  t o  a t  l e a s t  the  sa tur -  
a t ion  pressure of t he  l i qu id  a t  i t s  i n i t i a l  f i l l  condition, 
i .e . ,  one atmosphere. The remainder of t he  f i l l  operation con- 
t i nues  i n  the  same manner as i n  s u b c r i t i c a l  f i l l  u n t i l  t h e  
required ul lage volume i s  reached. 
be closed o f f  and pressurized t o  above the  c r i t i c a l  pressure a t  
a grea t  cost  i n  e l e c t r i c a l  power. Further,  t he  ves se l  cannot 
be returned t o  the  system f o r  on stream operation u n t i l  t h e  
pressur iza t ion  operation i s  complete. Thus, s u p e r c r i t i c a l  

A t  t h i s  time the  ves se l  must 
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storage leads  not only t o  vent l o s s e s  amounting t o  p r a c t i c a l l y  
a l l  of t h e  f l u i d  i n  t h e  vesse l  ( t he  50 percent excess contin- 
gency loads as i n  the  tank exchange method), but t o  add i t iona l  
l o g i s t i c s  power requirements i n  the  amount requi red  t o  pressur- 
i z e  t h e  e n t i r e  system from beginning t o  end. 
ments i n  t h i s  case are greater than  for  t h e  tank interchange 
method, where the  pressur iz ing  requirements can be p a r t i a l l y  
supplied on eaxth p r i o r  t o  l o g i s t i c  vehic le  launch and through 
normal heat l eak  during the resupply operation. 

The power require- 

A l l  l o g i s t i c s  requirements i n  t h i s  area a re  a f’unction of  crew 
s i z e  and l o g i s t i c s  resupply i n t e r v a l .  However, it may be sa fe ly  
concluded t h a t  t he  resupply requirement d i c t a t e s  s u b c r i t i c a l  
operation for the  cryogenic storage system of  e i t h e r  space 
s t a t i o n  configurations.  

4.5 WEIGHT ESTIMATES FOR HOUSEKEEPING LOGISTICS AND STABILIZATION 
REQUIRFSIGNTS 

The l o g i s t i c  resupply graphs, Figures 4 . 1  and 4.2, show t h e  
estimated weights for spare components, tankage f o r  expendable, 
expendables, and t h e  t o t a l  weight t o  resupply the  housekeeping 
f’unctions for resupply in t e rva l s  from 1 t o  12 months. These 
curves have been developed by assuming t h a t :  

a. The year ly  requirement i s  divided i n t o  equal monthly 
increments . 

b. The year ly  requirement rep laces  items expended. (That 
i s ,  no l o s s  i n  replacement.) 

e. Equipment for  handling a t  t h e  s t a t i o n  w i l l  be ava i lab le  
as needed e i t h e r  on t h e  s t a t i o n  or t h e  l o g i s t i c  vehicle.  

Table 4.1 shows t h e  estimated spare components fo r  9 and 24 m a n  
crews on a year ly  b a s i s ,  

Table 4.2 ind ica t e s  t h e  estimated tankage weights f o r  t h e  expended 
l i q u i d s  and gases fo r  9 and 24 man crews. Oxygen and nitrogen 
tankage weights a re  developed u t i l i z i n g  the  curves shown i n  
Volume 111, Figure 4.36 for a L/D = 1, therefore  t h e  tanks  a re  
spher ica l .  (Tank replacement as  opposed t o  f l u i d  t r a n s f e r  i s  
assumed.) For quan t i t i e s  above 1200 pounds multiple tanks a re  
used. The RCS propellant tankage i s  estimated t o  be equivalent 
t o  t h e  Apollo serv ice  module tankages. The pounds of  tank per 
pound of  propellant i s  

- - l b  of  tank 
*69 ( l b  of  propellant 

The water tank required for 
be 10 percent of t h e  l i qu id  

069) 

p l s s  recharge water i s  assumed t o  
weight 

= .lo>. lb of tank 
( l b  of  water 
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Table 4.3 shows t h e  estimated weight of  the  expendable items 
f o r  9 and 24 man crews by month for oxygen, nitrogen, p l s s  
va t e r ,  p l s s  LiOH, food, EC/LSS expendables such as desiccant 
ge l ,  f i l t e r  mater ia l s ,  e tc . ,  and R C S  propel lant .  



WEIGHT - SPARE COMPONENTS 9 AND 24 MAN CREWS (ONE YEAR) 

TABLE 4 . 1  

SY s m / c  0MPomm 9 w  

E l e c t r i c a l  Power (2000) 

B a t t e r i e s  1200 

AC Inver te r  240 

Bat te ry  Charger Components 350 

Control & Display Actuators 8~ Inductors 210 

Data Storage 

D i g i t a l  Recorders 

Video Bandwidth Recorders 

Wide Bandwidth Analog Recorders 

Por tab le  Recording System 

RCS 

Thrusters,  Valves, Etc. 

EC/LSS 

Valves, Regulators, Fans 

I istrumentation 

. Dli.splays & Controls 

Timers 

(600) 

200 

120 

200 

80 

(70) 

50 

20 

TOTAL 3000 

24 MAN 

(2600) 

1800 

240 

3 50 

210 

(600 1 
200 

120 

200 

80 

( 7 0 )  

50 

20 

3600 

POUNDS/MONTH 250 300 
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WEIGHT - EXPENDABLES 9 AND 24 MAN CREWS 

RESUPPLY I N  POUNDS/MONTH 

TABLE 4.3 

Oxygen 

Nitrogen 

Plss  Water 

P l s s  LiOH 

EC/LSS 

RCS Propel lant  

Food 

TOTAL 

9 Man 24 M a n  

650 1500 

400 400 

100 260 

50 120 

35 90 

625 650 

600 1590 

2460 4610 
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5.1 

5.0 

5 . 1  

CREW OPERATIONS AND TRAINING 

Suf f i c i en t  space s t a t i o n  data i s  not cu r ren t ly  ava i lab le  t o  
allow d e f i n i t i v e  ana lys i s  of t'ne operations and t r a i n i n g  requi re -  
ments. The following sections,  however, do provide some bas ic  
philosophy and r a t i o n a l e  from which f'urther s tud ie s  can be 
conducted once da ta  i s  available.  

SPACE STATION CREW OPERATIONS 

Space s t a t i o n  operations are characterized by long duration, 
c ru i se  type f l i g h t  i n  which t h e  vehic le  operates quasi  indepen- 
dently of  t h e  ea r th  while being sustained through a l o g i s t i c s  
system. For such operations, t h e  space s t a t i o n  onboard crew 
a c t i v i t i e s  can be c l a s s i f i e d  i n t o  th ree  areas i r r e spec t ive  of 
t he  mission objec t ives  being flown. These are: 

a. Command and control 

b . Systems management 

e .  Technical pro jec ts  

Operations requirements for t h e  space s t a t i o n  system w i l l  be 
defined by a task and resource a l loca t ion  procedure such as  
t h a t  shown i n  Figure 5.1. The degree of operative spec ia l iza-  
t i o n  required w i l l  be dependent upon the  magnitude of functions 
assigned t o  the  s t a t i o n  as wel l  as  t h e  degree t o  which t h e  sta- 
t i o n  configuration permits phys ica l  cen t r a l i za t ion  of  t he  oper- 
a t ions .  I n  the  l a t t e r ,  for example, zero g rav i ty  concepts such 
as  t h e  MORL allow close coupling and d i r e c t  communications with 
t h e  crewmen performing the t a sks ,  whereas i n  the  th ree  rad ia l  
module concept t he re  a re  four d i s t i n c t  and separate i n t e r n a l  
work areas and, therefore ,  near ly  four separate operating groups. 
The s k i l l s  required o f  the crew w i l l  be determined t o  a l a rge  
extent by t h e  configuration and o r b i t a l  s t a t e  of  t he  space 
s t a t  ion 

The command and con t ro l  functions include s t a t i o n  management, 
communications handling between t h e  s t a t i o n  and e a r t h  and/or 
t h e  l o g i s t i c s  spacecraft .  These rnnctions a l s o  may encompass 
medical a c t i v i t i e s  associated with crew wel l  being, d i e t  and 
environmental atmosphere cont ro l .  

System management i s  a support a c t i v i t y  t o  both t h e  command and 
con t ro l  and t h e  technica l  p r o j e c t s  area. Fund iona l ly ,  it may 
be concerned with systems monitoring and cont ro l ,  and t h e  work 
associated with inspections, maintenance, se rv ice ,  and r e p a i r .  
It may a l so  involve a c t i v i t y  associated with l o g i s t i c s  and t h e  
t r a n s f e r  from and/or t o  t h e  l o g i s t i c s  spacecraf't of cargo and 
supplies.  
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The t echn ica l  p ro j ec t s  area involves the  setup, programming, 
and performance of i n f l i g h t  experiments and t h e  acqu i s i t  ion, 
formatting and repor t ing  o f  information and data.  
t h i s  a rea  may p a r t i c i p a t e  i n  system management or command f’unc- 
t i o n s  o r  may d r a w  from those same areas t o  supplement t h e i r  
requirements. 

Crewmen i n  

I n i t i a l  space s t a t i o n  in-orb i t  ac t iva t ion  and/or reconfigura- 
t i o n  requirements would suggest emphasis on a c t i v i t i e s  i n  the  
command and systems management functions.  Once t h e  s t a t i o n  i s  
es tab l i shed  or  r e s to red  t o  t h e  opera t iona l  s t a t e ,  t he  t echn ica l  
programs f’unction becomes pre-eminent i n  operations.  

One of  t h e  f a c t o r s  involved i n  t h e  assignment of f’unctions w i l l  
be a t radeoff  between t h e  apportionment of t a sks  between onboard 
crewman and systems and the  nature of t he  l o g i s t i c s  payload. 
An important f ac to r  i n  the func t iona l  assignment i s  t h e  p r i c e  
of t h e  f’unction t o  be performed i n  terms of where t h e  bes t  capa- 
b i l i t y  e x i s t s .  Another consideration i s  t h e  degree of  con t ro l  
t h a t  can be exerted a t  the a c t i v i t y  loca t ion .  It i s  p re fe r r ed  
t h a t  continuous con t ro l  be maintained thereby permitt ing the  
a c t i v i t y  t o  be performed i n  an order ly  manner. 
a c t i v i t y  should be undertaken a t  t h e  space s t a t i o n  which could 
l ead  t o  an accident requiring a sudden re.sponse from the  mission 
or ien ted  ground support system; i . e . ,  launch of a rescue 
operation. 

For example, no 

These considerations then suggest s eve ra l  configuration design 
elements : 

a. Long term s t r u c t u r a l  l i f e ;  therefore ,  no requirement 
for  in -orb i t  s t r u c t u r a l  r e p a i r  a c t i v i t y .  

b. Minimum ref’urbishing of t h e  s t a t i o n  t o  update i t s  tech- 
nological s t a t e .  

e. Transfer of  propellants not be made by EVA handling of 
f l e x i b l e  hose l i n e s ;  r a the r  through r i g i d  piping b u i l t  
i n t o  t h e  s t ruc tu re  of  t h e  veh ic l e s  and connected a t  t h e  
time t h e  vehicles,  space s t a t i o n ,  and l o g i s t i c s  space- 
craf’t become docked. 

Finally, space s t a t i o n  operations planning must be r e s t r i c t e d  t o  
t h e  inherent capab i l i t y  ex i s t en t  at  t he  poin t  entered. Any 
enlargement of t he  operational c a p a b i l i t i e s  can only be accom- 
p l i shed  through real-time experimentation performed a t  t h e  
expense of technica l  p ro j ec t s  time and resources. 

5 - 2  CREW TRAINING 

Space s t a t i o n  operations represent  an extension of experience 
gained from Apollo f l i g h t s ,  i . e . ,  operating two c l a s ses  of  
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cooperative spacecraft ,  one of  which i s  a r een t ry  type vehicle,  
simultaneously and quas i  independently of  t h e  manned space 
f l i g h t  netwark. 
and simulation equipment developed i n  Apollo w i l l ,  i n  t he  main, 
form t h e  bas i s  for  configuring t h e  t r a i n i n g  needs fo r  space 
s t a t i o n  work. 

In  such i n s t a n t ,  t he  crew t r a i n i n g  experience 

The unique f ea tu res  of the space s t a t i o n  are t h e  long duration 
operations and t h e  requirement t o  sus t a in  t h i s  vehic le  through 
crew r o t a t i o n ,  consumable, expendable, and equipment t r anspor t  
using l o g i s t i c s  spacecraf't. The frequency of l o g i s t i c  space- 
c r a f t  launches and the  character of  t h e  payload w i l l  be d i c t a t e d  
i n  p a r t  by mission requirements and t h e  o r b i t a l  s t a t u s  of t h e  
space s t a t ion .  
opera t iona l  needs of  t h e  space s t a t i o n  w i l l  d i r e c t l y  impact t he  
t r a i n i n g  schedules and f a c i l i t y  requirements. 

The r a t e  and t h e  urgency of response t o  t h e  

Crew t r a i n i n g  for t h e  space s t a t i o n  system w i l l  encompass th ree  
s p e c i f i c  areas: 
space s t a t i o n  management, and t echn ica l  p ro j ec t s .  The former, 
involving t ranspor t  type spacecraft  f l i g h t s ,  w i l l  more c lose ly  
follow cur ren t  Apollo ea r th  o r b i t a l  t r a i n i n g  philosophy and w i l l  
use t h e  Apollo Mission Simulator or some der iva t ive  thereof .  

l o g i s t i c s  spacecraft  p i l o t i n g  operations,  

Space s t a t i o n  management embraces t h e  fbnctions of command, con- 
t r o l ,  navigation, communications, and system management. These 
functions a re  somewhat akin t o  Apollo crew s t a t i o n  operations.  ' 

However, because of  t he  greater s i z e  and number of f i n c t i o n s  
being performed on board, t h e  degree of  operative spec ia l i za t ion  . 
w i l l  be dependent upon t h e  mission configuration and t h e  asso- 
c i a t e d  opera t iona l  modes, 

The t echn ica l  p ro j ec t s  area w i l l  r equ i r e  s p e c i f i c  mission pay- 
load systems t r a i n i n g  involving p a r t  t a s k  t r a i n e r  s coupled 
perhaps t o  t h e  mission simulators. 
w i l l  undergo p i l o t  t r a in ing  needs t o  be i d e n t i f i e d  but i n  any 
event, t h i s  group w i l l  undergo genera l  space s t a t i o n  systems 
and su rv iva l  t r a i n i n g  including c e n t r i f i g e  and perhaps space 
environment simulation f a c i l i t y  indoct r ina t ion .  

To what ex ten t  p a r t i c i p a n t s  

The problem of  accommodating t o  an a r t i f i c i a l  g rav i ty  environ- 
ment i s  c r i t i c a l  t o  operations o f  t h i s  c l a s s  space s t a t i o n  s ince  
no experience t o  date has been obtained i n  o r b i t  t o  v e r i f y  t h e  
simulations performed on ear th .  

Similarly,  decisions bearing on whether t h e  l o g i s t i c s  spacecraf't 
can dock while t h e  a r t i f i c i a l  g rav i ty  s t a t i o n  i s  r o t a t i n g  regard- 
l e s s  o f  whether t h e  docking i n t e r f a c e  i s  or not s t a t iona ry  w i l l  
need t o  be made. Such decisions can be worked out i n  advance 
using simulation equipment developed from Gemini t r a n s l a t i o n  
and do eking t r a i n e r  technology . 
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Space s t a t i o n  systems maintenance needs t o  be r e s t r i c t e d  t o  
f irst  l e v e l  operations,  i . e . ,  se rv ice ,  ca l ib ra t ing .  Operations 
inv,.olving ci_ztting, burning, e t c .  involve hazards for which no 
t r a i n i n g  w i l l  be scheduled. Space s t a t i o n  e x t r a  vehicular 
a c t i v i t y  a t  t h i s  time should be r e s t r i c t e d  t o  inspec t ion  and 
minor equipment deployment a c t i v i t i e s .  The s u i t a b i l i t y  of 
ex i s t en t  Apollo equipment t o  meet t h e  t r a i n i n g  requirement w i l l  
need t o  be investigated.  
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6.1 

6.0 ENVIRONMENT CRITERIA 

The following sect ions describe the  models and assemptions made 
i n  specif'ying the  meteoroid and r ad ia t ion  environments fo r  t he  
ea r th  orb i t ing  space s ta t ion .  The meteoroid f lux  model fo r  a 
nominal M a r s  mission i s  also provided. 

6.1 METEOROID PROTECTION 

Meteoroid pro tec t ive  shielding requirements are  determined fo r  
a synchronous orb i  space s t a t i o n  having an area-time exposure 
o f  t he  order of 10 There are two f ac to r s  modifying 
the  omnidirectional meteoroid f lux ;  t h e  proximity t o  ea r th  
causes a reduction i n  f lux by shielding; however, t h e  ea r th  
a l so  causes an increase o f  f lux due t o  g rav i t a t iona l  e f f e c t s  on 
meteoroid rad ian ts .  A near-earth s a t e l l i t e  ( a t  a 260 nau t i ca l  
mile a l t i t u d e )  i s  exposed t o  68 percent of t he  omnidirectional 
f l ux  and the  synchronous space s t a t i o n  t o  78 percent of t he  
f lux.  The shielding was determined for t he  synchronous s t a t i o n  
( t h a t  has t h e  grea te r  hazard) ra ther  than fo r  a near-earth space 
s t a t ion .  

t rt2-year. 

The near-earth meteoroid f lux ,  including meteoroid showers and 
corrected fo r  grav i ta t iona l  concentration, i s  shown i n  Figure 
6.1 and 

and 

where N 
gr e a t  e r  
sec and 

given as  

-3.83 -1.34 
N = 10 m 

4 2  i s  the  f lux  per  10 f't -year o f  meteoroids of mass 
than o r  equal t o  m grams. 
mass densi ty  of  0.5 gm/cm3 i s  used i n  determining the  

An average ve loc i ty  of 30 km/ 

meteoroid shielding- requirements. 

2 The aluminum shielding S ( lbs/f ' t  ) t o  prevent penetrat ion of  an 
impacting mass m (grams) i s  

0.352 ' 'K S = 41.51 K m 

For multiwall or bumper configurations the  s t r u c t u r a l  e f f ic iency  
f ac to r  K i s  defined as  the r a t i o  of t he  t o t a l  thickness of t he  
number of sheets  required t o  prevent penetrat ion t o  the  theore- 
t i c a l  s ing le  sheet thickness. For a double wal l  of two inch 
spacing and without any f i l l e r ,  K = l / 5  and CK = 0. For the  
same wall  s acing with a f i l l e r  mater ia l  (low densi ty  open- 
ce l l ed  foam P the  factor  i s  K = l/7 and CK = .225 t o  represent  
t he  added weight of t h e  f i l l e r  mater ia l .  

Figure 6.2 i s  a graph o f t h e  required shielding as  a f'unction 
of area-time exposure for a K f ac to r  o f  1/7. 
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6.2 

Meteoroid 
for  5 x 10 

iameters corresponding t o  the  p a r t i c l e  design mass 
rt*-year exposure are:  

2, = 0999 diameter i n  cent ine te rs  -- 
PO 
P1 
p5 

1.45 
0.62 
0.22 

These values a re  determined using a mass densi ty  of 0.5 gm/cm 3 . 
6.1.1 DAMAGE CRITERION 

The damage c r i t e r i o n  implied by the  use of equation 2 i s  no 
spa l l a t ion  o f f  the  inner surface of the  second sheet of a double 
wall  s t ruc ture .  
r e a r  sheet w i l l  amount t o  a r i n g  of  p a r t i a l  penetrat ions with 
a c e n t r a l  concentration of s m a l l  c r a t e r s  on the  outer surface 
with corresponding incipient  s p a l l  bubbles on t h e  inner surface.  
The diameter of  t h e  damage c i r c l e  i s  a function of the  spacing 
between the  sheets  but the magnitude of the  damage i s  not i f  
there  i s  no foam or other f i l l e r ,  A probabi l i ty  of no pene- 
t r a t i o n  of 0.999 means tha t  t he re  i s  one chance i n  a thousand 
of encountering a meteoroid la rger  than the threshold s i z e ;  a 
design based on a probabi l i ty  of  no more than one penet ra t ion  
of 0.999 means a one i n  a thousand chance of encountering two 
meteoroids l a rge r  than the threshold,  
w i l l  be a l i t t l e  la rger  than the  threshold s i z e  and the  r e s u l t -  
ing hazard t o  men or equipment behind the  second sheet amounts 
t o  f ine-grain impacts and loca l i zed  burns due t o  the  detached 
spa l l .  
hazard i s  increasingly l e s s  possible  as may be seen from the  
curve i n  Figure 6.3. 
Po = .999, P 5  1 = .999, and P <  5 = .999 are  indicated and it 
i s  apparent t h a t  the  probabi l i ty  of  encountering a mass double 
t h a t  of the  threshold value i s  lower, e.g. fo r  P <  5 = .999 the  
threshold mass i s  10-3 grams and t h e  corresponding encounter 
probabi l i ty ,  0.49 or a chance of one i n  two; the  encounter pro- 
b a b i l i t y  fo r  a mass of 2 x grams i s  0.32 or one chance i n  
three .  It i s  a l so  apparent t h a t  a s t ruc ture  designed fo r  no 
more than f ive  penetrations runs t h e  r i s k  of a penetrat ion by 
a mass much l a rge r  than the  threshold with the  corresponding 
grea te r  hazard t o  the  occupants, e.g. the  chance of being pene- 
t r a t e d  by a mass approximately e ight  times l a rge r  than the  
threshold i s  only one i n  t en .  
based on no more than one penetrat ion which has a inherent low 
probabi l i ty  of encounter, approximately two i n  a hundred. 

This means t h a t  t he  damage sustained by the  

The penetrat ing meteoroid 

A more energetic penetrat ion and r e su l t i ng  grea te r  

TT& threshold masses corresponding t o  

This i s  not t r u e  of t he  design 

6.1.2 COMPARISON OF METEOROID ENVIRONMENTS FOR SPACE STATION AND MARS 
MISSION 

The meteoroid environment fo r  a M a r s  mission i s  appreciably 
d i f f e ren t  f’romthe meteoroid environment of ear th .  The 
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6.3 

contr ibut ion of t he  as te ro ida l  b e l t  r e s u l t s  i n  an increase of 
meteoroid mass densi ty  and p a r t i c u l a t e  f lux  with A.U. (astrono- 
mical un i t )  as  i l l u s t r a t e d  i n  Figure 6.4. 
by the  following equation: 

The f lux  i s  defined 

log  N = -13.62 + 3.0 R - log  m 

where N i s  the  f lux  per f't2-day fo r  meteoroids of  mass grea te r  
than or equal t o  m grams; R i s  the  distance from the  sun, 
e i the r  1.5 or 2.2 A.U. The densi ty  of the  meteoroids i s  3.5 
gm/cm3 and the  average meteoroid ve loc i ty  i s  15  km/sec a t  1.5 
A.U. and 10 km/sec a t  2.2 A.U. 

6.2 RADIATION ENVIRONMENT 

The r ad ia t ion  environment t o  be encountered by an o rb i t i ng  space 
s t a t i o n  cons is t s  of  ga l ac t i c  cosmic rays,  p a r t i c l e s  trapped i n  
the  ea r th ' s  magnetic f i e l d ,  and so lar  f l a r e  p a r t i c l e  events. 
This r ad ia t ion  environment w i l l  contr ibute  b io logica l ly  damaging 
r ad ia t ion  dose t o  the  space s t a t i o n  crew following at tenuat ion 
of  these r ad ia t ions  by the veh ic l e ' s  mass. This chapter w i l l  
attempt t o  define the  nature of the  cons t i tuants  of  the  radia-  
t i o n  environment, t he  geographic space i n  which they apply, and 
the  r ad ia t ion  doses t h a t  the  environment i s  l i k e l y  t o  produce. 

6.2.1 ENVIRONMENT DEZ'INITION 

6.2.1.1 GALACTIC COSMIC RAYS 

Galactic cosmic rays a r e  energet ic  pos i t ive  ions,  mostly pro- 
tons,  which constant ly  bombard the  so la r  system. I n  deep space 
the  f luxes of cosmic rays a re  r e l a t i v e l y  constant except during 
periods of enhanced solar a c t i v i t y  when they have been observed 
t o  decrease. Near t h e  ear th  the  cosmic rays are  influenced by 
the  e a r t h ' s  magnetic f i e l d  and show a s p a t i a l  dependence. How- 
ever, due t o  the  r e l a t i v e l y  low dosages r e s u l t i n g  from exposure, 
these  dispersions need not be considered i n  d e t a i l .  
e a r th  cosmic r ay  dose equals about 4.5 W / y e a r  and i s  about 
twice t h i s  i n  interplanetary space.* 

The near 

6.2.1.2 TRAPPED PARTICLE RADIATION 

The e a r t h ' s  magnetic f i e l d  i s  populated with trapped protons and 
e lec t rons  from the  top  of t he  atmosphere t o  the  boundary of the  
magnetosphere. The more energet ic ,  and therefore  more penetrat-  
ing, of these  p a r t i c l e s  a re  most intense i n  two r ad ia t ion  b e l t s  
about the  e a r t h ' s  equator extending i n  l a t i t u d e  t o  about 2 60°. 

*Wright H. Langham, "Some Radiation Problems of Space Conquest," 
Astronautik 2 (1961). 
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Figure 6.5 shows the  d i s t r ibu t ion  of trapped e lec t rons  of ener- 
g i e s  grea te r  than 0.5 million e lec t ron  v o l t s  (Mev) as  a f'unction 
of geomagnetic space. 
in jec ted  i n t o  the  magnetic f i e l d  by high-al t i tude nuclear t e s t s  
( p a r t i c u l a r l y  "Starf ish",  Ju ly  1962) and have s ince decayed 
out.  What remains seems t o  be the  na tu ra l  e lec t ron  component. 
This component i s  r e l a t i v e l y  s t ab le  with time i n  the  inner 
b e l t .  
t i ons  with l o c a l  time, geomagnetic storms, so la r  cycle,  and 
perhaps other causes, 
c i a t ed  with a probabi l i ty  of encounter. 

Many of  t he  e lec t rons  were a r t i f i c i a l l y  

The outer  b e l t  ( r 2  3 Earth Radi i )  exh ib i t s  la rge  var ia-  

I n  t h i s  region flux l e v e l s  must be asso- 

Figure 6.6 shows the  spac ia l  d i s t r i b u t i o n  of magnetically trapped 
protons of energies greater than 1 5  Mev. 
approximately the  same as the  e lec t ron  inner b e l t .  
seen i n  t h i s  f igure,  the  high energy protons do not extend i n t o  
the  outer  b e l t .  

This flux region i s  
A s  can be 

The trapped p a r t i c l e  environment used i n  the  estimation of the  
r ad ia t ion  doses fo r  the  space s t a t i o n  missions was prepared by 
Dr. James Vette,  e t  al, of  t h e  Aerospace Corporation and has 
been published by NASA i n  SP-3024, volumes 1 and 2. 

6.2.1.3 SOLAR FLARE PARTIClX EVENTS 

Solar f l a r e  p a r t i c l e  events cons is t  of energe t ic  protons and 
alpha p a r t i c l e s  from the  sun, propagating through a la rge  
region of in te rp lane tary  space. Solar f l a r e  p a r t i c l e  events 
o r ig ina t e  from disturbed regions on the  surface of t he  sun. 
These dis turbed regions display sunspots, prominences, plages 
and so lar  f l a r e s  and contain intense l o c a l  magnetic f i e l d s .  
The magnetic f i e l d s  a re  thought t o  provide the  grea t  energy 
needed t o  accelerate  the  p a r t i c l e s .  

I n  the  l a s t  so la r  cycle (19th) t h e r e  were about 57 so lar  f l a r e  
p a r t i c l e  events of s ignif icance measured on ear th .  
were d i s t r ibu ted  such t h a t  all but t h ree  occurred i n  t h e  upper 
s i x  years of the  solar cycle (1956-1961). 

These events 

Solar p a r t i c l e  events w i l l  contr ibute  s ign i f i can t  r ad ia t ion  dose 
t o  all of space i n  the  earth-moon system except t h a t  por t ion  
shown i n  Figure 6.7. 
detected i n  the  l a s t  solar  cycle would not have contributed 
s ign i f i can t  r ad ia t ion  dose t o  t h e  crew of  a moderately shielded 
space s t a t ion .  Exterior t o  t h i s  zone and i n t e r i o r  t o  the  boun- 
dary of t he  e a r t h ' s  magnetosphere (Figure 6.8) the  dose from 
so lar  f l a r e  p a r t i c l e  events w i l l  be reduced from the  l e v e l  
received i n  interplanetary space by influence of t he  e a r t h ' s  
magnetic f i e l d .  
ized and must be considered as a spec i f i c  case for  ind iv idua l  
missions. 

This region i s  such t h a t  p a r t i c l e  events 

However, t h i s  dose reduction cannot be general- 
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6.5 

The s p a t i a l  descr ip t ion  o f  t h e  e f fec t iveness  of solar p a r t i c l e  
events presented was derived from t h e  theory of t h e  in t e rac t ion  
of  charged p a r t i c l e s  w i t h  a diapole magnetic f i e l d .  

DOSE ESTIMATES FOR PROPOSED SPACE STATION MISSIONS 6.2.2 

6.2.2.1 GALACTIC COSMIC RAYS 

Near-Earth O r b i t  4.5 RAD/year 
In te rp lane tary  Space 9.0 RAD/year 

TRAPPED RADIATION BELTS - NEAR EARTH ORBIT 6.2.2.2 

O r b i t a l  i n t eg ra t ions  have been performed by Vette f o r  c i r c u l a r  
o r b i t s  fo r  24 hour periods f o r  t h e  pro jec ted  1968 trapped par- 
t i c l e  environment. For example, i n  a 300 n a u t i c a l  mile c i r cu la r  
o r b i t  t h e  f luxes  encountered per day are  shown as  

(Orb i t a l  Inc l ina t ion )  
00 30° 60' 90° 

>O.5 Mev Electrons 
cm2/day 
Protons 
--y >30 

1.69 lo9 9 4.71'10 

6 6 6 
%01*104 4.12010 2.81.10 2.23910 

I n  the  estimation of dose a uniformly shielded sphe r i ca l  space 
s t a t i o n  was assumed having various wal l  thicknesses.  Doses were 
ca lcu la ted  to t h e  chest ( sk in  dose) of a crew member a t  t h e  
center of  t h e  sphe r i ca l  shield.  
se l f - sh ie ld ing  of t h e  man i n  a t tenuat ing  t h e  r ad ia t ion .  
i n t eg ra t ions  were used giving flux and spec t ra  f o r  t h e  near 
e a r t h  o r b i t s .  The flux and spec t r a  were converted t o  dose as  a 
flmction of  sh i e ld  thickness for various mission lengths.  The 
r e s u l t s  are shown i n  Figure 6.9. 

Consideration w a s  given t o  t h e  
Orb i t a l  

6.2.2.3 TRAPPED RADIATION BELTS - SYNCHRONOUS ORBIT 

'lke synchronous o r b i t  trapped r a d i a t i o n  dose cont r ibu t ion  was 
determined through an analysis of t h e  f luc tua t ions  of t h e  outer 
r a d i a t i o n  b e l t s .  The data taken a t  near-synchronous a l t i t u d e s  
by Expl. 6, 12, 14, 15 ORs-111, IMP-A, OW-A were analyzed by 
Vette and a f lux  as  a fluletion of p robab i l i t y  of  encounter r e l a -  
t i onsh ip  established. Figure 6 -10 shows t h i s  r e l a t ionsh ip  f o r  
synchronous o r b i t .  

From t h e  fluxes and spectrum es tab l i shed  i n  Figure 6.10, t h e  
r a d i a t i o n  dose r e su l t i ng  may be calcula.ted as a f'unction of  
sh i e ld  thickness.  These sk in  doses a re  shown i n  Figure 6.11 
f o r  t h e  average environment. 
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A s  shown i n  Figure 6.11 the skin dose produced by t h e  primary 
e lec t rons  f a l l s  o f f  rapidly with increasing sh ie ld  thickness.  
The secondary r ad ia t ion  produced (bremsstrahlung) remains a t  a 
r e l a t i v e l y  low but slowly decreasing leve l .  

The doses corresponding t o  t h e  1 percent or .1 percent design 
cases have not yet been determined. I n  order t o  e s t ab l i sh  these 
doses, a f’urther analysis of t he  synchronous o r b i t  da ta  i s  
required.  Such s tudies  have been begun a t  MSC and elsewhere 
and the  r e s u l t s  should become avai lable  next spring. 

6.2.2.4 INTERPUUETARY SOLAR PARTICLE EVENT ENVIRONMENT 

A s t a t i s t i c a l  evaluation of solar  p a r t i c l e  events over t he  l a s t  
eleven year solar  a c t i v i t y  cycle has been made by Snyder a t  MSC 
t o  determine the  probabi l i ty  of receiving s ign i f i can t  rad ia t ion  
doses behind various shield thicknesses.  

During the  s i x  year period of maximum a c t i v i t y  (1956-1961) 54 
solar  p a r t i c l e  events were measured on ear th .  Only tk ree  events 
occurred during the  remaining 5 year period of minimum solar 
ac t iv i ty .  These frequencies (g/year for  so la r  maximum, o.G/year 
for  solar minimum) were assumed t o  be an average for  f’uture 
solar  cycles. I n  order t o  determine var ia t ions  from t h e  average 
a binomial p robab i l i t y  d i s t r ibu t ion  was assumed such t h a t  t h e  
mean o f  t h e  d i s t r ibu t ion  coincided with the  average frequency. 

Radiation doses for  each event measured during the  l a s t  cycle 
were calculated behind various sh ie ld  thicknesses.  These doses 
were ranked from smallest t o  l a r g e s t  and were discovered t o  
follow a log-normal probabi l i ty  d is t r ibu t ion .  
an example of t h i s  log-normal d is t r ibu t ion .  

Figure 6.12 shows 

A random sampling procedure was employed t o  se l ec t  a r b i t r a r i l y  
the  number of events and a corresponding dose t o  be encountered 
on a given mission. Thousands of hypothet ical  missions were 
considered i n  t h e  calculat ions so t h a t  a l l  combinations of f re -  
quency and magnitude of dose would be calculated.  This proce- 
dure was then repeated fo r  
thickness.  The r e s u l t s  of 
buted. These f igures  were 
allowing the  determination 
probabi l i ty  of encounter. 
solar maximum, Figure 6.14 

This evaluation takes  i n t o  

a s e r i e s  of t y p i c a l  spacecrar t  sh ie ld  
mission doses were ranked and d i s t r i -  
a l so  found t o  be d i s t r ibu ted  normally, 
of mission dose f o r  any desired 
Figure 6.13 shows these r e s u l t s  a t  
a t  solar minimum. 

account a l l  avai lable  information on 
solar  f l a r e  p a r t i c l e  events. 
before t h e  l a s t  so la r  a c t i v i t y  cycle. The analysis  a lso allows 
for  t he  p o s s i b i l i t y  tha t  t h e  l a s t  solar cycle did not produce 
t h e  l a r g e s t  so la r  event possible .  The l a t e r  seems reasonable 
since the  events of the l a s t  so l a r  cycle cons t i t u t e  only a min- 
u t e  f r ac t ion  of t he  t o t a l  events produced by t h e  sun since i t s  
creat ion.  

Such events were undiscovered 
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6.2.3 SPACE STATION APPLICATION 

6.2.3.1 NEAR EARTH ORBITS 

. 
(u cv 
c 

Solar p a r t i c l e  events w i l l  not cont r ibu te  s i g n i f i c a n t  r ad ia t ion  
dose fo r  space s t a t i o n  o r b i t s  5500 n.m. with inc l ina t ions  l e s s  
than 600. For higher i nc l ina t ions ,  por t ions  of  t he  orbit, w i l l  
be exposed. A c i r cu la r  polar o r b i t  w i l l  be exposed t o  so l a r  
p a r t i c l e  events over l / 3  of t h e  t r a j e c t o r y .  
imation of  t h e  dose encountered,the in t e rp l ane ta ry  dose curves 
should be used reduced by a f ac to r  of 6 ( a  f ac to r  of  3 reduction 
due t o  exposure reduction and a fac=bor of 2 resuc t ion  due t o  
e a r t h  shadow and se l f - sh ie ld ing) .  The dose curves as  a f'unction 
of  spher ica l  sh i e ld  thickness with the  appropriate cor rec t ions  
fo r  polar o r b i t  a re  shown i n  Figure 6.15 fo r  t h e  1 percent pro- 
b a b i l i t y  of encounter. 

A s  a first approx- 

6.2.3.2 SYNCHRONOUS ORBIT 

The r ad ia t ion  dose due t o  encounters with so l a r  p a r t i c l e  events 
was t r e a t e d  as a spec ia l  case. Within the  boundary of t h e  
e a r t h ' s  magnetosphere solar p a r t i c l e  event protons and alphas 
are def lec ted  by t h e  magnetic f i e l d .  This de f l ec t ion  i s  a 
r e s u l t  of t h e  Lorentz force tending t o  bend t h e  pa th  of t h e  
p a r t i c l e  i n  a d i r ec t ion  perpendicular t o  both of  t he  p a r t i c l e ' s  
instantaneous motion and the l o c a l  d i r ec t ion  o f  t he  magnetic 
f i e l d .  The p a r t i c l e s  may be def lec ted  i n  such a manner t h a t  
they  cannot pene t ra te  i n t o  synchronous a l t i t u d e s ;  or f o r  those 
t h a t  do penet ra te ,  they  may only do so f o r  a prefer red  d i rec t ion .  
Since the  same argument applies t o  a l l  po in t s  of  space ex te r io r  
t o  t h e  pro tec ted  zone of  Figure 6.8; each must be considered 
separa te ly  . 
A de ta i l ed  ca l cu la t ion  was made of r a d i a t i o n  dose encountered 
a t  synchronous o r b i t  from a l a rge  so l a r  f l a r e  p a r t i c l e  event. 
The p a r t i c l e  energy as a function of degree of d i r e c t i o n a l i t y  
was considered. 
i zed  dose versus thickness received a t  synchronous a l t i t u d e  
with t h e  dose versus thickness received i n  deep space. For 
space vehic les  such as the Apollo Command Module t h e  d i f fe rence  
amounts t o  about a 20 percent reduction i n  dose. A s  seen from 
t h e  f igure ,  for  much l i g h t e r  vehic les  such as t h e  IEM t h e  d i f -  
ference becomes s ign i f i can t .  

Figure 6.16 shows a comparison of t h e  normal- 

6.2.4 CONCLUDING REMARKS 

The physical r a d i a t i o n  environment t o  be encountered by a space 
s t a t i o n  i n  near-earth o rb i t  i s  reasonably wel l  known. A t  a l t i -  
tudes below 500 n.m. and inc l ina t ions  l e s s  than  60' a moderately 
shielded space s t a t i o n  mission should have l i t t l e  or no d i f f i -  
c u l t y  from n a t u r a l  space r ad ia t ions ,  Experience from p ro jec t  
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Gemini has demonstrated t h i s  f a c t  i n  operations a t  a l t i t u d e s  up 
t o  750 n.m. A t  higher i nc l ina t ions  the  e f f e c t  of so l a r  p a r t i -  
c l e  events must be considered. Such exposure can be qu i t e  
severe, although the  probabi l i ty  of encounter i s  s m a l l .  Pro- 
t e c t i o n  from these  so la r  s torms  under these  conditions i s  
afforded by t h e  e a r t h ' s  magnetic f i e l d s  and i t s  shadow shielding. 
I n  addi t ion ,  a spacewar t  operation of  t h i s  type allows an 
abort if necessary bringing t h e  crew rap id ly  back t o  t h e  s a f e t y  
of t h e  e a r t h ' s  atmosphere. 

Farther out i n t o  magnetospheric space t h e  r a d i a t i o n s  t o  be 
encountered become more d i f f i c u l t  t o  define and t o  p red ic t  fo r  
a given space s t a t i o n  mission. Trapped r ad ia t ions  a re  known t o  
be l e s s  s t a b l e  a t  s eve ra l  e a r t h  r a d i i ;  and t h e  e f f e c t  o f  t he  
e a r t h ' s  magnetic f i e l d s  on so la r  p a r t i c l e s  i s  d i f f i c u l t  t o  deter-  
mine. Although these  problems may t u r n  out t o  be surmountable, 
much research  and engineering development i s  yet t o  be done i n  
t h i s  area. 

A t  synchronous o r b i t  t h e  rad ia t ion  environment seems t o  be 
dominated by t h a t  encountered i n  in t e rp l ane ta ry  space. The 
outer b e l t  e lec t rons  can contribute very high doses, e spec ia l ly  
t o  a l i g h t l y  shielded vehicle, such as  LEM, but should not pose 
a severe problem t o  the  proposed space s t a t i o n .  Pro tec t ion  from 
solar p a r t i c l e  events a t  t h i s  a l t i t u d e  i s ,  however, almost 
nonexist an t .  


