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ABSTRACT: 
contained underwater l i f e  supnort  system which can supply a 
brea th ing  mixture t o  t h e  n e u t r a l  buoyancy test s u b j e c t ,  
without t h e  need f o r  a su r face  t e the red  supply l i n e .  A 
p ro to tyne  system has been developed which u t i l i z e s  a mixture 
of l i q u i d  oxygen and l i q u i d  n i t rogen  contained i n  a s i n g l e  
supply tank ,  Development and t e s t i n g  has  shown t h a t  t h i s  
system w i l l  supply t h e  q u a n t i t y  and q u a l i t y  of  g a s  requi red  
under comnletely c o n t r o l l e d  and p r e d i c t a b l e  condi t ions  t o  
depths of a t  least 60 feet. 
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INTRODUCTION 

Present  n e u t r a l  buoyancy space s imulat ion techniques 
still  model t h e  t e t h e r e d  as t ronaut  type  o f  mission. 
lunar  sur face  opera t ions  and many f u t u r e  space missions under 
zero and sub-gravity condi t ions show t h e  n e c e s s i t y  f o r  space 
s imulat ion techniques which can model, with high f i d e l i t y ,  
t h e  umbi l ica l - f ree  as t ronaut  missions.  
i s  used as t h e  s u i t  gas  suuply l i n e .  
of equipment which i s  required t o  meet umbi l ica l - f ree  
onera t ions  i s  a self-contained underwater breathing u n i t  
(SCIJBA] . 

Recent 

The present  umbil ical  
Therefore,  a major type  

The Manufacturing Engineering Laboratory of t h e  Marshall 
Space F l i g h t  Center has j u s t  completed t h e  development of such 
a urototype system, 

I n  order  t o  develop the  s implest  system poss ib le ,  it was 
decided t o  develop t h i s  backpack t o  be compatible with present  
s u i t  systems i n  use  in n e u t r a l  buoyancy t e s t i n g .  This requi r -  
ement r e s u l t s  is  r e t a i n i n g  both t h e  open c i r c u i t  s u i t  gas  
system and present  s u i t  through-flow gas  r a t e s .  This 
combination could not  be met without excessive weight and 
volume i n  a backpack using high pressure gas s torage .  
Cryogenic l i q u i d  gas s torage  a t  s u b c r i t i c a l  p ressure  and high 
comnressive p o t e n t i a l s  of fe red  high s t o r a g e  e f f i c i e n c y  
without excessive weight o r  volume p e n a l t i e s .  Further  
opera t iona l  s i m p l i f i c a t i o n  was obtained by d i c t a t i n g  t h a t  t h e  
d i l u e n t  gas c o n s t i t u e n t  be contained wi th in  a s i n g l e  l i q u i d  
cryogen mixture.  Neutral buoyancy depths  e a s i l y  allow choice 
of n i t rogen  as t h e  d i l u e n t  gas.  
desiqn o b j e c t i v e  was f o r  a s i n g l e  l i q u i d  mixture  of l i q u i d  
oxygen (LOX) and l i q u i d  n i t rogen  (LN2) t o  be s t o r e d  i n  a 
cryogenic system t o  feed  the open c i r c u i t  n e u t r a l  buoyancy 
s u i t .  

Therefore t h e  o r i g i n a l  

DESIGN FEQUIREMEKTS 

Several  design boundary condi t ions were e s t a b l i s h e d  p r i o r  
t o  s t a r t i n g  t h i s  p r o j e c t ;  f o r  p r i n c i p a l  importance were: 
s a f e t y  of opera t ion ,  and (2) s i m p l i c i t y .  Since t h e  proposed 
apparatus  must eventua l ly  be man-rated, t h e  first condi t ion 
fol lows as a n a t u r a l  consequence. The second requirement is 
merely a l o g i c a l  s t e p  towards achieving an opera t iona l  state 
a s  soon as poss ib le .  

(1) 
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From t h e s e  two bas ic  condi t ions  were developed c e r t a i n  
s p e c i f i c  design requirements:  

1. 

2. 

3.  

4. 

5 .  

The prototype was t o  be a breathing system of  t h e  
"open c i r c u i t "  type.  Wpen c i r c u i t "  refers t o  t h e  
fact t h a t  t h e  supply gas  i s  Lumped overboard after 
only one pass  through t h e  pressure s u i t .  
i s  c u r r e n t l y  used i n  Marshall Space F l ight  Center 
(MSFC) n e u t r a l  buoyancy operat ions with an umbil ical  
connection supplying a continuous flow of a i r  through 
t h e  pressure  s u i t .  
safest and s implest  system; however, i n  addi t ion  t o  
compromising s imulat ion f i d e l i t y  it i s  h ighly  
wasteful  of  t h e  gases  being suppl ied.  

One hour dura t ion  was e s t a b l i s h e d  as  a t a r g e t  
opera t iona l  time f o r  a s i n g l e  charging o f  t h e  
cryogenic t a n k .  

Present s u i t  through-flow r a t e s  o f  5.0 ACFM ( a c t u a l  
cubic  feet per  minute) were t o  be maintained a t  a l l  
depths.  This means t h a t  as depth i s  increased,  flow 
rate must a l s o  be increased  t o  maintain 5.0 ACFM 
through t h e  s u i t ,  If 45 f t .  is  e s t a b l i s h e d  as t h e  
m a x i m u m  opera t iona l  depth,  then t h e  m a x i m u m  s tandard 
cubic  feed  per  minute (SCFM) rate on t h e  bottom w i l l  
be 2.36 times t h e  s u r f a c e  rate, o r  11.8 SCFM. I n  
addi t ion ,  it was f e l t  t h a t  flow rates should be 
a d j u s t a b l e  by t h e  d iver .  
a m a x i m u m  flow c a p a b i l i t y  of 16 t o  18 SCFM was f i n a l l y  
s e l e c t e d ,  

A cryogenic s t o r a g e  system was t o  be employed using a 
mixture of  l i q u i d  oxygen (LOX) and l i q u i d  n i t rogen  
(LN2) i n  a s i n g l e  dewar. Cryogenic s t o r a g e  is 
necessary i n  order  t o  supply t h e  r e l a t i v e l y  la rge  
q u a n t i t y  of gas requi red .  

Human s a f e t y  and comfort parameters (breathing gas  
temperature,  oxygen p a r t i a l  pressure,  s u i t  cooling 
e t c . )  were t o  be maintained wi th in  t h e  following 
limits: 

(a) 

This system 

Physiological ly ,  t h i s  i s  t h e  

From t h e s e  cons idera t ions ,  

A i r  temperature should be maintained a t  a 
comfortable l e v e l  between 68OF and 80'F. 

(b) Oxygen p a r t i a l  p ressure  (PO2) should be held 
wi th in  acceptable  physiological  l i m i t s ,  The 
minimum PO2 of  0.20 atmosphere (152 mm Hg) is  
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t h e  lowest allowable.  The m a x i m u m  PO2 i s  less 
c l e a r l y  defined; however, t h e  Narine Technology 
Socie ty  has set a PO2 of  1.33 atmospheres (1010.8 
mm Hg) a s  t h e  upper l i m i t  for continuous 
exvosure. Other equal ly  well q u a l i f i e d  sources  
have set t h i s  f ig t i re  a t  1.25 atmospheres (950 mm 
Iig) I n  genera l ,  t h e  s p a c e f l i g h t  environmental 
cont ro l  system (ECS) l i m i t s  f o r  maximun PO2 have 
been set lower than e i t h e r  of t h e s e  f i g u r e s .  
The problem of  maximum PO2 i s  s impler  i n  cabins  
sea led  f o r  s p a c e f l i g h t .  These cabins  have a 
t o t a l  p ressure  which is 1.0 atmosphere or less, 
The hyperbaric  PO2 problem found i n  submerged 
opera t ions  i s  more d i f f i c u l t  than f o r  space 
cabins .  With vreset gas r a t i o s ,  such as  with a i r  
o r  any s i n q l e  l i q u i d  cryoqen, t h e  minimum 
(hypoxic) sur face  l i m i t  s e l e c t e d  a l s o  presents  
t h e  depth PO2 curve.  Therefore ,  under condi t ions  
of submergence with constant  r a t i o  gas  mixtures  
a r e a l i s t i c  maximun may well be those  chosen by 
t h e  quoted diving or iented-sources .  

As a design goa l ,  t h e  PO2 range from 0.20 
atmosphere t o  1.0 atmosphere was s e l e c t e d  f o r  
t h i s  work. 

THEORETICAL CONSIDERATIONS 

I n i t i a l  s t u d i e s  showed a major problem t o  be t h e  p o s i t i v e  
c o n t r o l  and de l ivery  of  s a f e  oxygen p a r t i a l  p ressures .  
Several  important t h e o r e t i c a l  aspects  r e l a t i n g  t o  t h e  o v e r a l l  
problem a r e  out l ined  i n  t h e  following s e c t i o n s .  

A. Oxygen P a r t i a l  Pressure (P02)  Control 

In  a v e s s e l  containing a cryogenic mixture of l i q u i d  
oxygen and l i q u i d  n i t rogen ,  t h e  p a r t i a l  p ressures  of t h e  
ind iv idua l  qasses over t h e  l i q u i d  components have been shown t o  
obey Raoult 's  Law. This  law, which appl ied f o r  a l l  p o s s i b l e  
concentrat ions states t h a t  a t  any given constant  temperature 
t h e  p a r t i a l  p ressures  o f  t h e  components of  a mixture a r e  equal  
t o  t h e  mole f r a c t i o n  of  t h e  component mul t ip l ied  by i ts  vapor 
pressure  i n  t h e  pure s ta te  a t  t h e  temperature of t h e  l i q u i d ,  

The l i q u i d  boi l ing  and vapor condensing curve f o r  oxygen 
and n i t rogen  mixtures is shown i n  Figure 1 and i n d i c a t e s  t h a t  
a t  1 atmosphere Dure n i t roqen  i s  s a t u r a t e d  a t  about -320°F 
(-195OC) and pure oxyqen is  s a t u r a t e d  a t  -29b"F (-183OC). I n  
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a b inary  mixture t h e  simvle terms "equilibrium o r  s a t u r a t i o n  
temperature" do not  exac t ly  apnly.  In  such a mixture ,  add i t ion  
oC hea t  and r e s u l t i n g  l i q u i d  vavor iza t ion  will s h i f t  both t h e  
mixture temperature and t h e  gas  and l i q u i d  nhase composition. 
ilowever, s tandard  engineering terms are used throughout t h i s  
s ec t ion  i n  re ference  t o  b ina ry  mixtures,  

As an example cons ider  a b inary  l i q u i d  mixture of  22% 
oxygen and 78% nisrogen contained as  shown i n  Fiqure 1. 
s a t u r a t i o n  temperature i s  about - 3 1 7 O F -  (-194°C). Under t h e s e  
condi t ions ,  t h i s  s n e c i f i c  binary l i q u i d  mixture has i n  equal- 
ibrium with it a gas phase which conta ins  onlv 8% oxygen which 
is  well i n t o  t h e  dangerous anoxic leve l .  As t h i s  b inary  
mixture cont inues  t o  absorb hea t ,  i t s  s e n s i b l e  hea t  ga in  and 
subsequent temperature r ise cause a d i su ropor t iona te  change i n  
n i t rogen  and oxygen comnositions. ?lore of  t he  l i q u i d  n i t rogen  
b o i l s  o f f ,  r e s u l t i n g  i n  a cons tan t  oxygen enrichment of t h e  
l i q u i d  phase, u n t i l  t h e  l i q u i d  is f i n a l l y  1005 oxygen. 

The 

As can be seen  from t h e  example above, any attempt t o  
brea the  t h e  gas  vhase over  t h e  l i q u i d  mixture would be 
dangerous. From t h e  ana lys i s ,  it would seem poss ib l e  t o  
nroduce a gas  ohase conta in ing  22% oxygen by s t a r t i n g  o u t  with 
a 50-50 l i q u i d  mixture.  However, as useage continued, t h e  
n a r t i a l  p re s su re  of oxy.gen would soon inc rease  t o  a dangerous 
l e v e l  e s p e c i a l l y  i n  diving condi t ions .  Thus, t h e  s i t u a t i o n  
i n  which a brea th ing  gas  phase is derived from a "~001" o f  a 
b inary  cryogen l i q u i d  mixture  is undes i rab le .  
s i t u a t i o n  w i l l  be inhe ren t ly  uns t ab le  and unpredictable  with 
r e snec t  t o  t h e  n a r t i a l  p re s su res  o f  t h e  gases  being de l ivered .  
Because t h e  oxyyen n a r t i a l  p re s su re  i s  l i f e  c r i t i ca l  i n  t h i s  
development, t h e  i n s t a b i l i t y  which de r ives  from "pool bo i l ing"  
must be comaletely avoided. 

Such a 

I f  a system i s  considered whereby a volume of  l i q u i d  is 
removed unchanged from one con ta ine r  and then  t o t a l l y  
vaporized and mixed i n  a sepa ra t e  conta iner ,  t h e  percentages of 
ind iv idua l  gaseous components w i l l  of course be  i d e n t i c a l  t o  
t h e  percentages o f  ind iv idua l  components i n  t h e  l i qu id .  
Continuous t o t a l  vapor iza t ion  and mixing of l i q u i d  unchanged 
from t h e  tank  composition can be  accomplished by withdrawing 
l i q u i d  through an or i f ice  small enough so  t h a t  a cons tan t  
flow of l i q u i d  i n  one d i r e c t i o n  is obtained followed by t o t a l  
vapor i za t ion  and tu rbu len t  mixing i n  a s u f f i c i e n t l y  long, 
small  diameter,  hea t  exchanger. 
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B. FLOW CONTROL 

Since n res su r i za t ion  and venting of present  day 
spacesu i t s  r equ i r e  a f loh  r a t e  of aDproximately 5.0 ACFN, a 
flow con t ro l  nechanism is  needed t o  r egu la t e  flow according 
t o  chanrzes i n  diving depth. 
s u i t  w i l l  r equ i r e  a gaseous flow r a t e  which can be increased  
as  depth increases .  
Buoyancy Tank depth) ,  a flow r a t e  of 10.9 SCFM i s  needed t o  
y i e l d  a 5.0 ACFM flow r a t e  through t h e  s u i t .  

To maintain 5.0 ACFM through t h e  

A t  a water depth o f  40 feet (MSFC Neutral  

Regulating t h e  amount of l i q u i d  cryogen which can e n t e r  
t h e  hea t  exchanger can be used t o  r egu la t e  the  output gas rate. 
The hea t  exchanger i s  allowed t o  opera te  a t  low pressure  and 
only t h e  amount of l i q u i d  required t o  g ive  a s e l e c t e d  flow rate 
enters t h e  hea t  exchanger. 
con t ro l l ed  by c o n t r o l l i n g  t h e  o r i f i c e  and dewar pressure .  
S ince  a small volume of l i q u i d  w i l l  y i e l d  a l a r g e  volume of gas, 
optimum flow con t ro l  and PO2 con t ro l  can be obtained by using 
a small o r i f i c e ,  v a r i a b l e  flow, con t ro l  valve which meters 
l i q u i d  only.  Therefore,  t h e  flow con t ro l  valve can s a t i s f y  
t h e  flow con t ro l  requirement discussed above and a l s o  t h e  
oxygen con t ro l  requirement discussed i n  Sec t ion  A. 

The rate t h i s  l i q u i d  enters can be 

C. TEMPERATURE CONTROL 

The e s t ab l i shed  comfort l e v e l  f o r  n e u t r a l  buoyancy 
pressure  s u i t e d  s u b j e c t s  has been found t o  vary between 68'F 
and 80'F. 
with r e spec t  t o  i t s  hea t  exchange capac i ty  so t h a t  extremely 
l a r g e  flow rates can be accommodated without any apprec iab le  
drop i n  output temperature below ambient water temperature.  
S ince  t h e  Prototype 11 u n i t  was designed f o r  underwater 
purposes, a hea t  exchanger s u i t a b l e  f o r  an a i r  environment was 
not considered. 

The hea t  exchanger on.Prototype I1 is  overdesigned 

D. STORAGE CONTAINER 

The bes t  a v a i l a b l e  i n s u l a t i o n  would be a vacuum walled 
conta iner  poss ib ly  inc luding  mul t i layered  "superinsulationI1.  
This type in su la t ion  would r e s t r i c t  heat l o s s  t o  an 
i n s i g n i f i c a n t  value during t h e  requi red  one hour run time. 
The only s i g n i f i c a n t  ope ra t iona l  con t r ibu t ion  of vacuum 
i n s u l a t i o n  would be its extended "holding time" (16 t o  20 hours 
might be expected).  
techniques have t h r e e  d i s t i n c t  disadvantages: (1) c o s t ,  
( 2 )  f r a g i l i t y ,  and (3) heavy walls required as over  Dressure 
(depth) increases .  

However, vacuum based in su la t ion  
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Prel iminary c a l c u l a t i o n s  on o t h e r  methods of i n s u l a t i o n  
ind ica ted  t h a t  polyurethane foamed-in-place i n s u l a t i o n  would 
be inexpensive,  l i g h t e r  i n  weight,  and more rugged than vacuum 
i n s u l a t i o n .  
appeared t o  be a reduct ion of t h e  dewar holding t ime t o  about 
t h r e e  t o  f i v e  hours;  t h i s  was considered adequate. 
s i n c e  n e u t r a l  buoyancy s imulat ion is a c e n t r a l i z e d  opera t ion ,  
t h e  combination of a standard high vacuum ambient pressure  
s t o r a g e  dewar p lus  t h e  foam insu la ted  diving dewar would al low 
a cryogen holding t ime of s e v e r a l  days p lus  s u f f i c i e n t  
i n s u l a t i o n  f o r  mission performance. 

The only disadvantage of foamed polyurethane 

Further ,  

F I N A L  PROTOTYPE DESIGN 

The f i n a l  prototype design,  known as Prototype I I A ,  i s  
shown i n  Figure 2 and Figure 3 .  The u n i t  can be loaded i n  a 
few minutes using a premix of t h e  des i red  r a t i o  of  l i q u i d  
oxygen and l i q u i d  ni t rogen.  For opera t ion  t h e  vent  valve is 
closed and t h e  bui ldup valve i s  opened. 
sure  i s  b u i l t  up and cont ro l led  by t h e  b u i l d  up c i r c u i t .  
d i v e r  simply sets t h e  flow cont ro l  va lve  and plugs i n  t o  t h e  
o u t l e t  t o  obtained c o n t r o l l e d  de l ivery .  

Cryogenic tank pres-  
The 
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EXPERIMENTAL EVALUATION 

A. TEST EQUIPMENT 

I n  order  t o  measure p e r t i n e n t  c h a r a c t e r i s t i c s  of t h e  gas  
being discharged form t h e  l i fe  support  system an instrumented 
"ana lys is  bar" (see Figure 4) was used i n  place of t h e  pres-  
sure  s u i t e d  t e s t  s u b j e c t ,  
f o r  measuring t h e  following parameters:  (1) oxygen p a r t i a l  
p ressure ,  (2) system absolu te  pressure (3)  a c t u a l  flow rate 
output ,  and (4) output  gas  temperature.  

This  a n a l y s i s  b a r  contained sensors  

Analog s i g n a l s  r e p r e s e n t a t i v e  of t h e s e  parameters were 
fed  i n t o  a recorder  so t h a t  a l l  values  could be recorded 
simultaneously on c h a r t  paper f o r  f u t u r e  re ference ,  

B .  TEST TECHNIQUES 

Prel iminary t e s t i n g  of t h e  u n i t  was accomplished under 
s tandard atmospheric (ambient) condi t ions  s u b s t i t u t i n g  l i q u i d  
n i t rogen  f o r  LOX/LN2 (LON) mixtures.  This  phase of t e s t i n g  
not only afforded t h e  opportuni ty  f o r  gaining opera t iona l  
f a m i l i a r i t y ,  but  a l s o  permit ted r e l i a b i l i t y  t e s t i n g  o f  key 
components, valves  and heat exchanger. Changes i n  t h e  
loca t ion  of  t h e s e  components and changes i n  t h e i r  operat ing 
condi t ions  were made as d i c t a t e d  by t h e  t e s t  r e s u l t s .  

Af te r  e s t a b l i s h i n g  t h e  operat ing r e l i a b i l i t y  of t h e  u n i t ,  
tests were conducted using mixtures of LOX and LN2 as t h e  
f i l l i n g  l i q u i d .  These t e s t s ,  consuming over 2000 lbs .  o f  
cryogen, were conducted t o  e s t a b l i s h  PO2 cont ro l  and t o  
determine any changes i n  PO2 which may occur  during f i l l i n g .  
A performance c h a r t  f o r  a t y p i c a l  run using LON is shown i n  
Figure 5 .  S t r i p  c h a r t  d a t a  f o r  another  run a r e  given i n  t h e  
Appendix 

I n  addi t ion  t o  t h e  s tandard 1-atmosphere tests, t e s t i n g  
was a l s o  conducted a t  smiulated diving depths  up t o  100 f e e t  
i n  t h e  s i n g l e  chamber recompression f a c i l i t y  located a t  MSFC. 
These tests were conducted t o  e s t a b l i s h  t h e  e f f e c t s  of 
increased ambient pressure  on POz9 flow r a t e s ,  output  
temperature,  and t h e  s t r u c t u r a l  i n t e g r i t y  of t h e  u n i t .  A 
performance c h a r t  f o r  a t y p i c a l  s imulated dive t o  80 f e e t  i s  
shown i n  Figure 6. 
t o  50 f t ,  a r e  given i n  t h e  Appendix. 

S t r i p  c h a r t  d a t a  recordings f o r  a d ive  
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C. TEST RESULTS 

Actual t e s t i n g  of t h e  Prototype u n i t  y ie lded  t h e  
following r e s u l t s :  

1. The b a s i c  cryogenic-gas cycle  used by t h e  Prototype 
I1 U n i t  provides r e l i a b l e  c o n t r o l  of a l l  parameters. 

2. The s p e c i a l  valve components o f  t h i s  cyc le  (pressure  
c los ing  valve,  r e l i e f  valve and micrometer flow cont ro l  valve) 
perform adequately and r e l i a b l y  under normal and s p e c i a l  
condi t ions inc luding  being submerged t o  a depth o f  100 f t .  

The b u i l d  up valve provides  f o r  complete i n t e r n a l  system 
m e s s u r i z a t i o n  within 6 minutes as shown by Figure 7 .  The 
bui ld  UD c i r c u i t  w i l l  hold t h e  des i red  dewar pressure  within 
2% under normal flow condi t ions and within 10% of p r e s e t  
n ressure  under continuous maximum flow condi t ions.  The 
nressure  c los ing  valve operates  automatical ly  t o  compensate 
f o r  depth overpressure and w i l l  maintain nre-set dewar 
nressures  over ambient pressure  a t  denths up t o  100 f e e t .  

Figure 8 shows t h e  performance of t h e  micrometer flow 
cont ro l  valve. This valve i s  l i n e a r  and smooth under a l l  
condi t ions of cryogen flow required and can provide t h e  flow 
cont ro l  and o r i f i c e  necessary f o r  PO2 cont ro l .  
from 1 throuEh 18.5 SCFM a r e  noss ib le  a t  80 o r  125 p s i  dewar 
Dressure 

Flow r a t e s  

Flow i n  SCFM from t h e  Prototype I1 u n i t  i s  dependent only 
on dewar ambient pressure and flow cont ro l  valve s e t t i n g .  
Test ing showed t h a t  t h e  pressure  c los ing  valve accura te ly  
maintained t h e  p r e s e t  d i f f e r e n t i a l  p ressure  above ambient 
pressure.  Consequently, f lowra tes  ( i n  SCFM) were found t o  be 
maintained at constant  values  dependent only on t h e  flow 
cont ro l  valve s e t t i n g .  
u n i t  t h e  r e l a t i o n  between f lowra tes  ( i n  ACFM) and water depth 
f o r  a given s e t t i n g  of  t h e  flow cont ro l  valve. 
constancy of flow rate i n  SCFM is i n  bas ic  cont rad ic t ion  t o  t h e  
requirements o f  a pressure-su i ted  n e u t r a l  buoyancy test 
subjec t ;  h i s  s i t u a t i o n  demands t h a t  f lowrate  through t h e  s u i t  
i n  ACFM be constant  and t h a t  SCFM be adjusted with respect  t o  
depth t o  accommodate t h i s  requirement. 
design f e a t u r e  of t h e  Prototype I1 u n i t  is a d ive  ad jus tab le  
f lowrate  cont ro l  which provides  more than adequate aaseous 
flow l e v e l s  under a l l  n e u t r a l  buoyancy depth-demand condi t ions.  

Figure 9 shows f o r  t h e  Prototype I1 

However, 

Thus an important 

3.  The Prototype I1 u n i t  w i l l  convert  and d e l i v e r  t h e  
oxygen content  with high prec is ion  cont ro l  a s  observed during 
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a l l  LON t e s t i n g  (which included more than 2000 pounds of 
var ious LON mixtures) .  

Tota l  PO2 c o n t r o l  includes accuracy of  LON mixing, 
changes of LON r a t i o  during. s torage ,  changes of  LON r a t i o  
during dewar t r a n s f e r s  (loading) , and any change which might 
occur durinq operat ion.  
t h e  e n t i r e  test program t h e s e  cumulative f a c t o r s  never caused 
a PO2 v a r i a t i o n  i n  excess of + 5%. 
run cyc le  only,  e l imina t ing  t h e  inaccuracies  of  mixing, 
s torage  and loading, PO2 v a r i a t i o n  i s  reduced t o  less than 
f 1/2% (which approaches t h e  accuracy l i m i t  o f  t h e  PO2 sensor ) .  

Figure 10 represents  t o t a l  PO2 v a r i a t i o n  f o r  t y p i c a l  

I t  is i n t e r e s t i n g  t o  note  t h a t  during 

I f  one considers  a given 

L02oV80 and LO3oN70 mixtures f o r  sur face  condi t ions.  

The PO2 depth cont ro l  was a l s o  i n  e x c e l l e n t  agreement 
with t h e o r e t i c a l  and precomputed values.  I n  a constant  r a t i o  
mixture such as gaseous a i r  o r  l i q u i d  a i r  (LO20N80) o r  any 
o ther  s p e c i f i c  l i q u i d  oxygen/nitrogen (LON) r a t i o  mixture,  
hyperbaric  operat ion w i l l  of course show PO2 changes. The 
oxyqen cons t i tuent  must always c o n t r i b u t e  i t s  r e l a t i v e  
f r a c t i o n  of t h e  total  hyperbaric  Dressure. Therefore a s  t h e  
ambient pressure  is e leva ted  on a constant  r a t i o  mixture t h e  
oxyqen p a r t i a l  y e s s u r e  must a l s o  be propor t iona te ly  elevated.  

Figure 11 shows a t y p i c a l  depth v s  PO2 performace curve 
f o r  the  Prototype I 1  Unit. Two t y p i c a l  LON r a t i o s  a r e  shown. 
The a c t u a l  PO2 depth curves a r e  as l i n e a r  and f l a t  as t h e  PO2 
curves obtained from an a i r  dive (devia t ions  a r e  less than  
0.1%). The PO2 agreement with respec t  t o  precomputed values  
is a l s o  very good. The a c t u a l  PO2 curve i n  Figure 11 i n  a l l  
cases showed a s l i g h t l y  lower s lope than  t h e  precomputed 
values .  This type  devia t ion  i s  t y p i c a l  of a l l  a i r  d ives  and 
is fe l t  t o  be due t o  a s l i g h t  l a g  i n  t h e  electrochemical  PO2 
sensor  from which a l l  t h e  PO2 values  were obtained. 

Although PO2 w i l l  vary with depth,  t h i s  var iance  i s  i n  

The m a x i m u m  PO2 from any LON mixture used a t  any 
accordance with Dal ton 's  Law and is  e x a c t l y  t h e  same as f o r  an 
a i r  dive.  
debth can be predic ted  and t h e  Prototyve I1 w i l l  d e l i v e r  t h a t  
value. For ins tance ,  i n  a L033N67 mix, an oxygen p a r t i a l  
p ressure  of 0.33 atmosphere (4.85 p s i a  or 251 mm Hg) w i l l  be 
found a t  t h e  sur face ,  whereas t h i s  same mixture w i l l  show a 
PO2 of  0.65 atmosphere a t  a depth of  40 feet. 

4. Testing has shown t h a t  t h e  Prototype I 1  l lnit  w i l l  
d e l i v e r  p o s i t i v e ,  safe output  gas  temperatures under a l l  
submerged condi t ions down t a  depths of  a t  least 60 feet. The 
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p r i n c i p l e  of  an overdesigned hea t  exchanger e f f e c t i v e l y  locks 
t h e  output  gas temperature so t h a t  it is  always within S°F a f  
t h e  water temperature i n  which t h e  u n i t  is immersed. Figures 
5 and 6 show t h e  output  gas  temperature and t h e  water temper- 
a t u r e  vs. time and depth respec t ive ly .  
s l i g h t  dec l ine  i n  both t h e  output  gas temperature and water 
bath temperature.  This is due only t o  t h e  l imi ted  volume o f  
water surrounding t h e  u n i t  and would not  occur  i f  t h e  u n i t  
were operated i n  a l a r g e  volume of water such as t h e  n e u t r a l  
buoyancy tank e 

These curves show a 

The u n i t  can be operated a t  5.0 SCFM a t  sur face  ambient 
condi t ions (hea t  exchanger i n  a&) only 5 minutes before t h e  
output gas temperature begins t o  drop. 
size t h e  heat  exchanger o r  t o  provide a w i l l a r y  hea t  cont ro l  
f o r  such ambient a i r  operat ions.  

No attempt was made t o  

The heat  exchanger operated as expected under a l l  
condi t ions down t o  depths of  60 f t .  and showed s e n s i b l e  
cool ing i n  t h e  first few f e e t  of  exchanger length.  This 
cool ing did not  produce i c e  a t  depths less than 60 feet. 
was produced on t h e  first few c o i l s  only when m a x i m u m  flow 
r a t e s  were demanded a t  depths below 60 feet. This  ice 
formation i s  due t o  t h e  increased dwell time of  t h e  gas i n s i d e  
t h e  hea t  exchanger a s  gas  d e n s i t y  i s  increased.  Ice formation 
was never found t o  include a supercooled sur face .  Bare s k i n  
contac t  with an immersed and i c i n g  heat exchanger showed no 
tendency f o r  s k i n  adherence. 

I c e  

Thus, i n  a c t u a l  t e s t i n g ,  t h e  heat exchanger design 
descr ibed here  proved t o  be completely free of p o t e n t i a l  
physiological  hazards assoc ia ted  with low.temperatures,  cold 
gas o r  supercooled sur faces ,  a t  l e a s t  f o r  t h e  pressures  and 
flow r a t e s  o f  i n t e r e s t .  

CONCLUSIONS 

The MSFC Prototype I1 Cryogenic Life Support System w i l l  
provide adequate gas f o r  present  n e u t r a l  buoyancy operat ions.  
Flow is d i v e r  a d j u s t a b l e  f o r  comfort. 
p ressure  c o n t r o l  i s  inherent  within t h e  design and the  
performance of  t h e  u n i t  with respec t  t o  oxygen p a r t i a l  
p ressures  is e x a c t l y  analagous t o  an a i r  dive.  The u n i t  w i l l  
d e l i v e r  e x a c t l y  t h a t  r a t i o  o f  gas  contained i n  t h e  l i q u i d  
phase i n  t h e  tank.  S e l e c t i o n  of  oxygen/nitrogen r a t i o s  o t h e r  
than a i r  may be d e s i r a b l e  and are e a s i l y  poss ib le  with t h i s  
system. P o s i t i v e  output  gas  temperature cont ro l  is a l s o  
inherent  within t h e  Prototyae I1 design. During submerged 
operat ion,  t h e  output  gas  temperature is  f ixed  d i r e c t l y  by t h e  

P o s i t i v e  oxygen p a r t i a l  
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water temperature. Even under t h e  h ighes t  flow condi t ions  t h e  
Eas temnerature will not  be more than  a f e w  degrees below 
water temperature . 

This  u n i t  is  being r e f ined  t o  inc lude  more e f f i c i e n t  
layout and packaging and t o  inc lude  t h e  a l l - a t t i t u d e  dewar 
so lu t ion .  
t es t s  f o r  use wi th in  t h e  MSFC n e u t r a l  buoyancy f a c i l i t y .  

I t  w i l l  Then be nu t  t h r o q h  man r a t i n g  q u a l i f i c a t i o n  
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Figure 3 .  Prototype IXA Cryogenic Underwater 
Life Support System 
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S t r i p  Chart Data For MejFC Prototype 
11 Life Support hit. (Surface Conditions) 
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Str ip  Chart Data For K F C  Prototype 
Underwater Life Support Ifnit 

(Dive Conditions, 25 Sept. 1969, Run #I,  24 SepP. 
LON Mix, I n i t i a l  Water Temp 87-F) 
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Run #1, 24 Sept. 1969 (Continued from previous page). 
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