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FOREWORD 

This final repor t  is submitted by North American 
Rockwell, through its Space Division, Downey, 
California, to  the National Aeronautics and Space 
Administration, Langley Research  Center ,  HarnptQn, 
Virginia, a s  required by Contract No. NAS1-10170, 
A Study of Resis tojet  Systems Directed to  the Space 
Station/Base.  The work was conducted under the 
technicql direction of Mr .  E a r l  VanLandingham, of 
the Space Technology Division of the Langley 
Research  Center .  

This repor t  i s  a l so  identified as North American 
Rockwell Space Division document SD 70-549. 
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The objective of this study i s  to  provide information required to a s su re  
that the planned development and demonstration of a prototype biowaste sub- 
s y s t e m  i s  conducted in  a manner that reflects space station and base  opera-  
tional conditions and requirements .  
of the solar-array-powered Space Station and the Space Base defined under 
NASA Contract NAS9-9953, Space Station P r o g r a m  Phase  B Definition Study. 

The study is  based on the charac te r i s t ics  

The res i s to je t  sys tem studied herein utilize's biowaste gases  that a r e  
res idua l  to  a Sabatier-type oxygen regeneration system. ' Metabolically 
produced carbon dioxide is adsorbed f r o m  the cabin atmosphere by a mole- 
cular  s ieve.  
reac tor  to form,  ideally, water and waste methane gas .  
electrolyzed to provide oxygen for c rew consumption and some of the hydro- 
gen required by the Sabatier reac tor .  The additional hydrogen required for 
reduction of a l l  the carbon dioxide is  provided by boiloff f r o m  the cryogenic 
hydrogen on the Space Station o r  f r o m  ammonia dissociation, which is  used 
in  the Space Base to produce nitrogen for cabin leakage makeup. The waste 
methane is  used as the propellant i n  a res i s to je t  to  provide control moment 
gyroscope (CMG) desaturation and orbit-keeping functions. The resis tojet  
may also use  other excess  o r  waste  fluids such as water that may be avail- 
able f r o m  the environment control and life support subsystem (ECLSS). In 
conjunction with the res i s to je t  system, a gaseous oxygen/hydrogen (cryo- 
genically s tored)  medium thrus t  sys t em is used f o r  attitude maneuvers, 

The carbon dioxide i s  combined with hydrogen in  a Sabatier 
The water i s  

Studies concerning the use of res i s to je t s  for Space Station low-thrust 
The functions have shown that this approach offers considerable promise.  

operation of the res i s to je t s  using gases  res idual  to the ECLSS re su l t  i n  
considerable savings in  propellant resupply weight. 
res i s to je t  t h rus t e r s  is proceeding well; however, essentially no work has  
been directed toward development of the complete sys tem required to use 
biowaste gases .  In the proposed development program, the res i s to je t  
sys tem would use  ECLSS waste fluids to simulate a duty cycle dictated by 
CMG desaturation impulse requirements  and drag  makeup requirements  of 
a hypothetical space station or  base  in  a par t icular  orbi t  and orientation. 
Subsequently, the measured performance of the thrus te r  sys tem would be 
integrated into the CMG computer p rogram to verify that delivered per form-  
ance, response,  and sys tem reliabil i ty were  adequate to mee t  the desatura-  
tion and orbit  -keeping requirements  . 

Development of the 

- 1 -  



For sys tem demonstration, the major prepara tory  effort  involves the 
design and fabrication of the sys tem to  collect, condition, and feed the 
biowaste gases  to  the res i s to je t  th rus te rs .  Toward this goal, this study 
concentrated on questions regarding probable duty cycles, th rus t  levels,  
and biowaste availability. 

- 2 -  



II. SUMMARY 

The study of res is tojet  sys tems directed to the Space Station/Base 
covers  th ree  basic a r e a s :  
sys tem design, and technology requirements .  The space station and space 
base sections of this report  a r e  each ordered s imilar ly .  
configuration, flight mode, and reaction control subsystem (RCS) require-  
ments relative to biowaste res i s to je t s  a r e  discussed. Second, that portion 
of the environmental control and life support subsy.stem (ECLSS) which 
might have an  interface with the biowaste res is tojet  i s  described, and the 
waste fluids that might be available as propellants a r e  identified. Finally, 
the res i s to je t  operational modes,  duty cycles,  e tc . ,  to use  these waste 
fluids to meet  the impulse requirements  a r e  defined. 
subsystems 

space station subsystem design, space base sub- 

First, the vehicle 

The space station 
a r e  defined in much m o r e  detail  than for the space base. 

SPACE STATION 

The space station used a s  the baseline design for  this study is the 
12-man, so la r -a r ray-powered  space station defined by North American 
Rockwell (NR) under Contract NAS9- 9953, Space Station P r o g r a m  Phase  B 
Definition. 
Definition Study (e.  g. , nuclear r eac to r  powered, radioisotope powered, and 
modular buildup stations).  
of this study, although the possible impact  of changes in  the medium-thrust  
RCS i s  discussed briefly. 

Other space stations a r e  being considered under the Phase B 

These designs a r e  not considered within the scope 

The space station RCS functional requirements  that can be fulfilled by 
low- thrus t  res is tojets  a r e  orbi t  maintenance to counteract atmospheric 
drag,  and desaturation of the control moment gyros as nonperiodic torques 
build up result ing f r o m  aerodynamic and gravity gradient forces .  
these functions a r e  a function of altitude and so lar  sunspot activity, These 
requirements  a r e  summarized in  Table 2-1. 

Both of 

The most  reliable source of waste  fluids f r o m  the ECLSS i s  the gas 
effluent f r o m  the Sabatier reac tor .  
produced carbon dioxide with hydrogen to produce water  which i s  subsequently 
electrolyzed to produce oxygen for  metabolic consumption. 
water ,  waste gases  consisting mostly of methane and unreacted carbon 
dioxide a r e  a l so  produced. 
hydrogen s torage tanks to supplement the hydrogen f r o m  water  e lectrolysis  

The reactor  combines metabolically 

In addition to the 

Hydrogen i s  available f rom the medium-thrust  RCS 

- 3 -  



Table 2. 1. Summary of Space Station Orbit  Maintenance and CMG 
Desaturation Impulse Requirements (X- POP)  

Orbit  A1 titude , 
Date 

2 0 0  nm, 
1 Jan. 1975 (min)  
1 Oct. 1978 (max) 

240 nm, 
1 Jan. 1975 (min)  
1 Oct. 1978 (max) 

300 nm, 
1 Jan. 1975 (min)  
1 Oct. 1978 (max) 

Im1 
Orbit  Mz 

Nominal 
4tmo sphe r e  

1100 
8300 

190 
2300 

21 
43 0 

.I. 

“*Assumes 16-foot moment arm 

d s e  Requirement - l b  sec /day  
ntenance 

20- 
Atmosphere 

3300 
21500 

780 
8400 

105 
2500 

CMG Des: 
No mi nal 

Atmosphere 

47 0 
1700 

310 
670 

260 
335 

:u r ati on’: 
2 u  

Atmosphere 

860 
4000 

410 
1770 

280 
700 

s o  that mos t  of the carbon dioxide i s  reacted and only methane is produced 
a s  waste gas.  
l is ted i n  Table 2 - 2 .  

The baseline waste gases  used for  prel iminary design a r e  

The quantities i n  Table 2 -2  assume a 100-percent C02 conversion 
efficiency with 5-percent excess  H2 over stoichiometric requirements ,  and 
no gases  other than C02 desorbed f r o m  the molecular sieve subassembly. 
The H20 resu l t s  f r o m  assuming saturated conditions i n  the Sabatier 
condenser- separa tor  at 70 F, 15 psia ,  and 100-percent gas-liquid. separation. 
A m o r e  detailed definition of the effluent composition and variations i n  the 
composition is given i n  the following section and i n  Appendix A. 

Additional sources  of waste fluids a r e  the ECLSS water management 
assembly,  waste  management assembly,  and experiments.  The water  
management assembly defined in the Space Station Phase B prel iminary 
design has a perfect water  balance. 
and some conservat ism in cer ta in  assumptions,  there  might, i n  fact ,  be 
some excess  water.  
summarized in Table 2-3 .  

However, because of sys t em variations 

The factors  and possible quantities of water  a r e  

- 4 -  



Table 2-2. Baseline Waste Gases  

0.25 lb/day 

There  a l so  i s  waste water  that i s  either vented to vacuum o r  s tored  i n  
the vapor compression subassembly fo r  periodic re turn  to  ea r th  by the 
logistics shuttle vehicle. These quantities a r e  a l so  summar ized  in  
Table 2-3. 
the design and development of hardware not present ly  planned for  space 
station design. 
recovered by the ECLSS water management assembly because of unusual 
contamination products. However, the waste experiment water  composition 
i s  not defined at this t ime and no est imate  of the quantities o r  suitability of 
the water for  res is tojet  use  i s  possible. 

Recovery of this water  f o r  use i n  the resis tojet  would require  

The re  may be some waste experiment water  that cannot be 

Table 2-3 .  Possible  Sources of Excess  Water 

Source of Variation 

Variations i n  water  
3alanc e 

Vapor compression 
still efficiency 

Cabin leakage 

Crew metabolic 
water  
production 

Water i n  wet food 

No mi nal 
Value Used 

97.5% 

20 lb  day 

0.78 lb/man-day 

60% water i n  
wet pack; 1. 6 
lb/man-day 

Anticipated 
Variation 

97. 5 to  98. 5 

? 

0. 66 to  0. 95 

60 to  85% 

Change i n  
Water Balance 

0 to  2 lb/day H20 

lb/.day H20 -0.27 lb/day leakage 

- 1 .4  to  2. 0 lb/day 

H20 

$11. 5 lb/day H20  
at 75% 

Waste wate r (not p r  e s entl y r e  cove r e d )  

Fecal  water 
W a t e r  i n  trash 
W a t e r  i n  solids d r y e r  (vapor 

Contaminated experiment water 
compression l o s s )  

3. 0 lb/day 
2. 4 lblday 

5.3 lb/day 
? 
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Fluids used by the experiments a l so  were investigated i n  the study, 
However, the experiments a r e  not defined in  sufficient depth a t  this t ime to 
establish whether any of these fluids could be recovered for  use  i n  a resis to-  
jet  system. 

The resis tojet  concept employs the addition of energy to  a gas by elec- 
t r i c  res i s t ive  heating, and the subsequent expansion of the gas through a 
converging- diverging nozzle to produce thrust .  F o r  a given gas composition, 
the theoretical  specific impulse var ies  a s  the square  root of the gas tempera-  
ture .  
undesirable products resulting f r o m  gas decomposition a t  high tempera ture ,  
gas- t h rus t e r  ma te r i a l  compatibility and/or  e lec t r ic  power available for  
heating. 

The gas tempera ture  of a par t icular  composition may be l imited by 

The biowaste gases  containing methane are  l imited to 1700 to 2000 R 
due to the formation of carbon which coats the hea ter  elements and breaks 
down the e lec t r ic  res is tance,  clogs the thrust  chamber throat ,  and resul ts  
i n  lo s s  of performance. Carbon par t ic les  in  the plume a lso  may  be detr i -  
mental to external spacecraf t  and experiment surfaces .  F o r  this study, a 
tempera ture  limit of 2000 R was used for  all gas mixtures  containing 
methane. Gas mixtures  containing water vapors and /o r  carbon dioxide a r e  
l imited to  approximately 2700 R because of t h rus t e r  mater ia l  compatibility 
with the oxidizing environment. 
waste gases  and water  vapor (assuming 10 lb/day water  vapor availability) 
i s  shown i n  Figure 2- 1. 

The total impulse available f r o m  the bio- 

Also i l lustrated in  Figure 2- 1 is  the orbi t  maintenance requirement  
for the space station "design to" altitude of 240 n m  for  the predicted nominal 
and 2 cr sunspot a tmospheres .  The CMG desaturation function can be done 
concurrently with the orbi t  maintenance function, so that the requirements  
shown in F igure  2-1 represent  the total  low-thrust impulse required.  It can be 

. seen  that the biowaste gases  alone produce sufficient impulse fo r  the 
nominal a tmosphere requirements  and for a l l  the 2 u atmosphere require-  
ments except for  five of the 11 yea r s  of the so la r  cycle. 

The res i s to je t  has the flexibility of variable thrus t  and /o r  var iable  
specific impulse by the control of inlet  p re s su res  and /o r  thrust  chamber  
tempera ture ,  respectively. The various combinations of fixed and variable 
parameter  operations a r e  discussed. 
ment t e s t  have the capability of varying both p r e s s u r e  and tempera ture  
although the flight sys t em will mos t  likely have a fixed th rus t e r  inlet  
p re s su re  with var iable  gas tempera ture  to prolong th rus t e r  life during 
years  with low-impulse requirements.  
duty cycle of each th rus t e r  a s  a function of orbi t  maintenance and CMG 
desaturation requirements  for  fixed- thrust  operation. 

It i s  recommended that the develop- 

Equations a r e  derived that define the 
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Figure  2-  1. Orbit  Maintenance Requirement and Resistojet  Capability 
(240- Nauticdl- Mile Altitude) 

The gases  f r o m  the Sdbatier condenser- separa tor  contain water  vapors 
which a r e  saturated a t  1 5  psia and 54 F. When these gases  a r e  compressed 
and s tored in  the accumulator at ambient tempera ture ,  condensation occurs .  
It i s  desirable ,  therefore ,  to remove sufficient water  vapor f r o m  the 
biowas te gases  to prevent condensation. "Several concepts for the removal 
of the water  vapor a r e  presented. Another alternative i s  to use  the gases  
continuously, with l i t t le o r  no compression, so  that condensation does not 
occur .  This requi res  both variable thrust  and specific impulse capability. 
It i s  recommended khat this mode of operation be tested in  the development 
program. 

I 

SPACE BASE 

The Space Station P r o g r a m  Phase B Definition Study, Contract NAS9- 
9953, includes a s  a portion of the study, the conceptual design (Phase A )  of 
a space base a s  a centralized ear th-orbi ta l  facility for the conduct of a 
multidisciplinary r e s e a r c h  development and operations program. 
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The space base ,  Figure 2-2 ,  consis ts  of an  art if icial-gravity section 
rotating about a zero-  gravity section. 
section is ea r th  referenced and the other  is iner t ia l ly  referenced. 

One portion of the zero-  gravity 

The reaction control functional requirements ,  pertinent to the resis to-  
jet  t h rus t e r s ,  a r e  orbi t  maintenance to  counteract aerodynamic drag  and 
momentum vector control to  maintain the spin axis perpendicular to the 
orbit  plane, a s  the orbi t  plane r eg res ses .  
function of vehicle m a s s  propert ies  and orbi t  altitude only. 
ments a r e  summar ized  in  Table 2-4.  

Momentum vector  control i s  a 
These  require-  

The space base  ECLSS C 0 2  management assembly is s imi l a r  to the 
space station assembly. 
provides excess  hydrogen for  the Sabatier reac tor  and nitrogen fo r  makeup 
of cabin leakage. There  is m o r e  hydrogen produced in  this manner  than is 
required for  the Sabatier reactor .  

The major  difference is that ammonia dissociation 

F igure  2-2.  Space Base Flight Mode 
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Table 2-4. Space Base Orbit  Maintenance and CMG 
De satur  ation Impulse Requirements 

Atmosphere Altitude 

Nominal sunspot 
activity 

200 n m  
240 n m  
270 nm 

t 2  u sunspot activity 

200 n m  
240 n m  
270 nm 

Orbi t  Maintenance 
(lb- sec /day)  

15000 
4500 
1780 

40000 
16500 
8300 

Momentum 
Vector Control 

(lb- sec /day)  

13200 
12700 
12300 

13200 
12700 
12300 

The medium thrust  Oz/Hz th rus t e r s  obtain hydrogen and oxygen f rom 
water e lectrolysis  a t  a mixture ra t io  of 8: l .  
th rus te rs  a t  a lower mixture  ratio:  therefore ,  the extra  hydrogen not used by 
the Sabatier reac tor  i s  f i r s t  provided to the medium-thrust  subsystem a s  
required to provide a mixture ratio of 3:l .  
by the res i s to je t s .  

It i s  desirable  to operate the 

Any remaining hydrogen is used 

There  i s  some excess  water (14. 1 lb/day fo r  the nominal base )  avail- 
This would be electro-  able f r o m  the ECLSS water  management assembly.  

lyzed fo r  02 /H2  propellant, a s  required.  
used in  the resis tojet .  

Any water  remaining could be 

It is  shown that by the proper combination of thrust  vec tors  to  provide 
orbit  maintenance and momentum vector control concurrently, mos t  of 
the impulse requirements  of Table 2-4 can be m e t  with the biowaste res is to-  
je ts  and 02 /H2  th rus t e r s  with a minimal amount of propellant resupply, 
However, a t  low altitudes (200 nm)  and high atmospheric density, the RCS 
impulse capability i s  exceeded. F o r  these conditions, it i s  recommended 
that ammonia be used as a supplemental propellant for  the resis tojets .  
Off-nominal c rew s izes  and the buildup and growth phase of the base were  
a l so  studied. The system, a s  designed, meets  all requirements .  
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The differences between the space station and space base res i s to je t  
sys tems which might require  a delta development fo r  the base a r e :  

1. Up to 10-percent hydrogen i n  the base waste gases  

2. Use of ammonia a s  a supplemental propellant for  the base 
r e s i  s tojet. 

STATION BASE TECHNOLOGY REQUIREMENTS 

Three  specific a r e a s  requiring special  development consideration were 
They a r e  removal of water  vapor f r o m  the Sabatier effluent; identified. 

additional t h rus t e r  development for  the use of hydrazine a s  a supplemental 
propellant (for the space station);  and development of a unit to recover  waste 
water  f r o m  the solids d rye r ,  fecal collection subassembly, and trash 
compactor . 

- 10 - 



I l l .  SPACE STATION 

The space station used a s  the baseline design for  this study i s  the 
12- man, so la r -  a r r a y -  powered Space Station defined by NR under Contract 
NAS9- 9953, "Space Station P r o g r a m  Phase B Definition. " A t  the beginning 
of this study, Phase  B prel iminary design of the so la r  a r r a y  space station 
was not complete. Therefore ,  some differences may exist  between data 
used i n  the ea r ly  phases of this study and the Phase  B prel iminary design 
documented i n  Reference 1. These differences a r e  minor ,  however, and 
do not affect the biowaste res is tojet  study. 

Contract No. NAS9- 9953 a l so  includes prel iminary design of reac tor -  
powered and radioisotope-powered space stations. 
considered within the  scope of this study. 

These designs a r e  not 

The reaction control subsystem (RCS) selected for  the so l a r - a r r ay -  
powered space station is an oxygen- hydrogen bipropellant medium- thrust-  
level sys t em for  a l l  requirements.  
liquids but a r e  subsequently converted to the gaseous s ta te  for  use i n  the 
engines. 
installed to utilize the ECLSS waste gases for orbi t  maintenance and CMG 
desaturation. 
space base (Phase  A studies of the space base recommended a biowaste 
res i s to je t  subsystem as par t  of the p r imary  RCS). 
waste res is tojet  subsystem is not included in the Phase  B prel iminary 
design of the space station, however. 

The propellants a r e  s tored  a s  cryogenic 

It was recommended that a low-thrust  res is tojet  sys tem be 

This would be a development subsystem for  use  on the future 

This development bio- 

This  study provides information to a s s u r e  that the development and 
demonstration of a prototype biowaste res is tojet  subsystem would be con- 
ducted in  a rea l i s t ic  manner ,  given so lar  a r r a y  space station operational 
conditions and requirements.  
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SPACE STATION RCS REQUIREMENTS 

The space station core  module i s  a cylinder 33 feet  in  internal  
diameter.  
approximately eight inches to the diameter.  
50 feet  i n  length, has four decks, and toroidal end bulkheads. It has  an 
internal s torage capacity of 180 days fo r  a c rew of 12. 
separate  pressur ized  compartments in ser ies .  
isolated in  case  it is damaged o r  rendered untenable. 
docking por t s ,  th ree  for  each pressur ized  volume. 
sufficiently strong to withstand thrus t  loads for  use  in  orbital  maneuvers  and 
attitude control. 
ECS radiator  of 2500 square feet. 
i s  shown i n  Figure 3-  1. 

The wall thickness and meteoroid and thermal  protection add 
The module is approximately 

The re  a r e  two 
Ei ther  compartment can  be 

There  a r e  six 
One end docking port  is  

There  i s  a c l ea r  exter ior  surface a r e a  for  a nominal-size 
The core  module s t ruc tura l  a r rangement  

In addition to bulk storage space,  both toroidal end bulkheads contain 
subsystem equipment and spares .  
to an end docking port ,  recreat ion a r e a ,  dining a r e a ,  galley a r e a ,  and 
medical facility, 
a i r  lock, each contain s ix  s ta terooms and a personal  hygiene facility. 
addition, Deck 2 contains the p r imary  control center  for  the station. 
3 contains the intervolume air lock, a photo lab,  and a maintenance and 
repair  a r ea .  Deck 4 houses the experiments a r e a ,  which includes an experi-  
ment maintenance and repa i r  a r e a ,  air lock laboratory,  data reduction lab,  
and an experiment control center /s ta t ion backup control center .  There  a r e  
a l so  two docking por t s  and access  to an end docking port  on Deck 4. The 
station has no laundry facil i t ies.  

Deck 1 contains two docking por t s ,  access  

Decks 2 and 3 ,  separated by a p r e s s u r e  bulkhead with an  
In 

Deck 

FLIGHT MODE 

The following definition of the space station orbi t  altitude, inclination 
and orientation was obtained f r o m  Reference 2. 

Many of the generic experiment disciplines produce mission opera- 
tional requirements  which resul t  in  specific space station design require- 
ments.  Guidelines and constraints for  the NASA Space Station established 
a mission flight envelope which ranges in  altitude f r o m  200 to 300  nautical 
mi les ,  a t  orbit  inclinations f rom 28. 5 to  55 degrees.  The space station will 
a lso be capable of operating a t  an  altitude of 
(90- degree inclination) and sun- synchronous 

200 nautical mi les  for  polar 
(97- degree inclination) orbi ts .  
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Figure 3-1. Core  Module Structural  Configuration 
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An evaluation of subsystem performance and logistic resupply 
requirements  resulted i n  the space station subsystem design- to  altitude of 
240 nautical miles .  
within all portions of the flight box, although operational resupply of con- 
sumables will be m o r e  frequent at lower altitudes and l e s s  frequent at 
higher altitudes. 

This altitude would permi t  the space station to operate 

A number of typical experiments that had either an  altitude require-  

An 
ment o r  a n  inclination o r  pointing- direction requirement  were  investigated 
to determine the orbit  which bes t  sat isf ies  the des i red  requirements .  
inclination of 45 to  75 degrees  sat isf ies  the requirements  of all experiments 
examined. A 55- degree orbit  inclination was selected because a maximum 
of the ea r th ' s  surface i s  covered ( for  ea r th  surveys)  within the established 
flight box. The experiment altitude requirement  can be satisfied by altitudes 
between 200  and 270 nautical miles .  An operate-to altitude of 270 nautical 
miles  was selected to reduce orbit  decay rates and subsequent resupply 
requirements  for  orbit  makeup. 
analyses of the shuttle vehicle performance indicated that the payload 
penalty was not excessive for flights to the high side of the altitude and 
inclination box. 
capabilities may  show that lower altitudes may be more  cost-effective over 
a ten- year  period. Fur ther ,  orbi t  makeup requirements  a r e  significantly 
affected by the power concept selected (e. g . ,  the s o l a r - a r r a y  concept has 
much higher drag than has a nuclear  reac tor  o r  radioisotope power 
configuration. 

It should be noted that ea r ly  prel iminary 

Fur ther  analyses with updated shuttle payload performance 

Because of the various experiment pointing requirements  those 
experiments attached to the space station established the operational require- 
ment  of maintaining any flight attitude. However, all experiment attitude 
requirements  can be satisfied with a p r imary  and secondary flight,attitude 
mode. The p r imary  flight attitude mode where the X-axis is perpendicular 
to the orbit  plane (X-POP) i s  i l lustrated i n  Figure 3-2.  A secondary flight 
attitude mode i s  required to provide an iner t ia l  platform capable of pointing 
experiments toward celestial  bodies. 

Although the two flight- attitude modes described above a r e  required to 
meet  a l l  experiment pointing requirements ,  only the p r imary  X - P O P  mode 
i s  studied i n  detail in  the definition of a biowaste res i s to je t  subsystem. The 
secondary flight mode i s  considered when an impact  on the subsystem design 
exists (i. e . ,  engine number and location). 
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Figure  3-2 .  P r i m a r y  Flight Attitude Mode 

REACTION CONTROL FUNCTIONAL REQUIREMENTS 

The space station RCS must  provide thrust  for  four functions during 
zero-  gravity operations:  control-moment gyro (CMG) desaturation, 
attitude changes, orbi t  maintenance, and control of docking torques.  
art if icial  gravity a s ses smen t  period, spin-up, despin, and momentum vector 
control a r e  required.  

In the 

Control of docking torques,  spin-up, and despin require  thrus t  levels 
l a r g e r  than would be feasible for  a res is tojet  (10 pounds o r  grea te r ) .  A t t i -  
tude changes could be made with low thrus t  i f  the sma l l  angular ra tes  were 
acceptdble. However, the impulse requirements  for  this function a r e  arbi-  
t r a r y  and smal l  compared with orbi t  maintenance and CMG desaturation. 
This function i s  not considered fur ther  in this study. 

During the ar t i f ic ia l  gravity a s ses smen t  period, the so l a r  a r r a y s  a r e  

The control required to maintain this orientation throughout the 
fixed and the spin axis of the space station i s  oriented paral le l  to the sun 
l ine,  
art if icial  gravity a s ses smen t  i s  called momentum vector control. Since the 
space station/S-I1 art if icial  gravity configuration i s  rotating at 4 RPM, any 
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single th rus t e r  is i n  the proper  position for  momentum vector control fo r  
approximately five seconds. The biowaste res is tojet  th rus te rs  present ly  
under development a r e  not designed for  economical operation fo r  shor t  
pulses. Since the art if icial  gravity a s ses smen t  will be done fo r  only a shor t  
period and since the total momentum vector control impulse ( 4 9 ,  600 lb- 
sec /day)  i s  a n  o rde r  of magnitude g rea t e r  than the impulse available f r o m  a 
biowaste res i s to je t  with the waste fluids available, a special  development for  
a pulsing resis tojet  design i s  not recommended and i s  not considered 
furthe r. 

The ma jo r  functions of the space station biowaste res is tojet  subsystem, 
therefore ,  a r e  to provide impulse to offset the degradation of altitude 
caused by aerodynamic drag  and to counteract nonperiodic gravity gradient 
and aerodynamic torques.  
increase  i n  the CMG residual momentum, requiring a periodic desaturation 
of the CMG's by m a s s  expulsion. 

The nonperiodic torques resu l t  in a continual 

Vehicle Mass  Proper t ies  

The space station m a s s  propert ies  used i n  the calculation of RCS 
impulse requirements  for  this study a r e  based on vehicle charac te r i s t ics  
before completion of the Space Station Phase B prel iminary design. 
a r e  the s a m e  charac te r i s t ics  used to determine RCS requirements  for  the 
prel iminary design of the space station RCS. 
resulting f r o m  the Phase  B prel iminary design were  not sufficiently different 
to require  an adjustment of the RCS requirements.  

These 

Final m a s s  propert ies  

The impulse requirements for  orbit  maintenance and CMG desaturation 
a r e  a function, to a l a rge  degree,  of the number,  s ize ,  and location of 
cargo and /o r  experiment modules attached to the space station. 
of the docking ports ,  modules, and combinations considered a r e  shown on 
Figure 3 - 3 .  
Configuration H resu l t s  i n  the l a rges t  RCS impulse requirements  and is  a l so  
mos t  representat ive of the anticipated space station configuration throughout 
most  of the ten-year life span. 

Numbering 

The corresponding m a s s  propert ies  a r e  given in  Table 3-  1. 

There  i s  the possibility that the advanced logistics shuttle (ALS) will 
be docked to the space station for five days in  each 90-day period. 
resul ts  i n  a significant i nc rease  in  both orbit  maintenance and CMG desatura-  
tion for  these periods. 
to es t imate  the impulse requirements  a r e  shown in  Figure 3 - 4 .  
propert ies  were est imated before the initiation of Contract NAS9- 10960, 
"Space Shuttle System P r o g r a m  Definition (Phase B),  I t  and do not reflect  
work done during that contract .  

This  

Combined m a s s  propert ies  and docking mode used 
These mass 

Since the orbit  maintenance and CMG 

- 16 - 



CARGO 
30K LB 

14 FT - I 20 FT I 

5 

Xs = 100 

MODULE ATTACHED TO PORT NO. 

1 2 1 3 4 I, 5 
CONFIG 

A 
B CARGO - - w - 

- - - - - 
I 

Figure 3-3 .  Docked Module Combinations 
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desaturation requirements  with the ALS docked exceed the biowaste res is to-  
jet  impulse capability under mos t  att i tude/atmosphere conditions, an  update 
of the ALS propert ies  was not considered pertinent to this study. 

Orbit Maintenance/CMG Desaturation Impulse 

Orbit  maintenance and CMG desaturation impulse requirements  a r e  
functions of a tmospheric  density, altitude, flight orientation, and attached- 
module c onfi guration. 

Atmospheric density i s  a function of altitude and so lar  (sunspot) 
activity. 
years .  
f r o m  Reference 3 for a predicted nominal and t 2  sigma so lar  flux. 
typical 11-year  density profile for  250 nautical mi les  i s  shown in  Figure 3- 5. 

The so la r  flux var ies  through a cycle lasting approximately 11 
The atmospheric  density models used in  this study were  obtained 

A 

The p r imary  flight mode (X-POP) was used to determine the impulse 
requirements for  station Configuration H. 
about the Y-axis are  l a r g e r  for  the secondary flight mode (Y-POP iner t ia l )  
than for  the p r imary  mode, but a r e  periodic. 
to accommodate this periodic torque. 
cross-sect ional  a r e a  for  drag  and do not change with orientation. 
fore ,  the orbit- maintenance requirements  for the secondary flight mode a r e  
l e s s  than those fo r  the p r imary  flight mode, s o  that the overall  RCS impulse 
requirements  for  the secondary flight mode a r e  l e s s  than those for  the 
p r imary  flight mode. 

The gravity gradient torques 

The CMG's have the capacity 
The so la r  a r r a y s  constitute the major  

There-  

Orbit  maintenance l inear  impulse requirements for  station Configura- 
tion H i n  the p r imary  flight mode are  shown in  Figures  3-6 and 3-7 for  the 
predicted nominal and t2 sigma so lar  flux, respectively,  a s  a function of 
altitude and the 11-year so la r  cycle f rom 1 January 1975 to 1 January 1986. 
The CMG desaturation angular impulse requirements a r e  shown in Fig- 
u r e s  3-8 and 3-9.  Similar curves  fo r  the ALS docked configuration a r e  
given i n  Figures  3- 10 through 3- 13. 

A s  stated ea r l i e r ,  the CMG desaturation requirement  resul ts  f rom 
nonperiodic torques caused by gravity gradient and aerodynamic forces .  
the X-POP p r imary  flight mode (SZ-axis always colinear with the nadir) ,  
these torques a r e  nonperiodic about the X-axis only. 
torque resul ts  f r o m  misalignment of the attached modules on the docking 
ports  (io. 5 degrees) .  
(centroid of planform) does not coincide with the center  of gravity when 
projected into the plane perpendicular to the velocity vector.  F o r  the CMG 
desaturation requirements  shown in Figures  3-8,  3-9, 3- 12, and 3- 13, the 
wors t  ca se  is assumed where the gravity gradient and aerodynamic torques 
a r e  additive. 

In 

The gravity gradient 

Aerodynamic torque resu l t s  i f  the center  of p r e s s u r e  

The gravity gradient torque alone is  presented i n  F igures  3-14 
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Figure 3-4. Station/ALS Docked Mass  Proper t ies  

and 3- 15 for  the station only and station/ALS docked configurations, respec-  
tively, The other ex t reme,  where the gravity gradient counteracts the aero-  
dynamic torque, can be calculated by subtracting twice the value obtained 
f r o m  Figures  3- 14 o r  3- 15 f r o m  the corresponding value obtained f r o m  
Figures  3-8, 3-9, 3- 12, o r  3-  13, respectively. Note that a negative impulse 
value obtained in  this manner indicates a r eve r sa l  i n  the direction of the 
angular impulse required about the X-axis. 
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Figure 3 - 6 .  Orbit Maintenance Impulse, Nominal Atmosphere, Station Only 
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Figure  3 - 7 .  Orbit Maintenance Impulse, 2u Atmosphere, Station Only 
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Figure 3 - 8 .  CMG Desaturation Impulse, Nominal Atmosphere,  Station Only 
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Figure  3-11. Orbit  Maintenance Impulse, 2u Atmosphere,  W i t h  ALS 
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Figure 3-13. CMG Desaturation Impulse, 2u Atmosphere, With ALS 
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ECLSS OPERATION AND WASTE FLUIDS AVAILABILITY 

The res i s to je t  t h rus t e r  can utilize a wide var ie ty  of vehicle waste 
fluids as propellant. 
bility, external vehicle surface contamination due to condensation of a 
chemical species  i n  the exhaust plume, and safety (explosive mixtures) .  
fluids must  a l so  be supplied to the th rus t e r  a s  a gas. 

The restr ic t ions a r e  gover-ned by mater ia l s  compati- 

The 

There  a r e  three  possible sources  of waste fluids suitable for  propul- 
sion use  i n  the space station: 
management assembly ,  ( 2 )  excess  water  f r o m  the water  management a s sem-  
bly, and ( 3 )  waste fluids f rom the experiments o r  ECLSS. 

(1) waste gases  f r o m  the carbon dioxide 

The following sections descr ibe the subassemblies  f r o m  which these 
fluids might be obtained and the quantities that might be anticipated. 

C 0 2  MANAGEMENT ASSEMBLY 

The C02 management assembly  consists of subassemblies for  removal,  
C02 reduction, and water  e lectrolysis .  

The molecular sieve C02 removal subassembly, which consists of 
C02 abso rbe r  and desiccant beds operated on a regenerative cycle, provides 
for removal of C02 f r o m  the cabin atmosphere and fo r  concentration of the 
C02 for  oxygen reclamation. 
Sabatier reac tor ,  where i t  is combined with hydrogen to fo rm methane and 
water.  
ment t e s t  o r  vented overboard while the product water plus a sufficient 
amount of makeup water  i s  electrolyzed to provide the metabolic and leakage 
oxygen requirements .  The hydrogen result ing f r o m  electrolysis  is  re turned 
to the Sabatier reac tor  and again i s  reacted. 
is provided to the Sabatier reac tor  f r o m  the RCS cryogenic H2 s torage tanks 
s o  that all the C02 can  be reduced. 

The collected C02 i s  t r ans fe r r ed  to the 

The methane i s  returned for  RCS ( res i s to je t )  utilization a s  a develop- 

Sufficient additional hydrogen 

The C02 removal concept selected for  the space station is being 
reevaluated. 
m e t e r s  of m e r c u r y  r a the r  than 5 mi l l imeters  of mercu ry  has  been imposed 
on station design and is being studied a s  a par t  of the Phase B options. 
i s sue  m a y  not be resolved until January 1971. 
study and described below i s  based on the concept defined i n  Volume I1 of 
Reference 1. 

Control of the atmosphere C02 par t ia l  p re s su re  to 3 milli- 

This  
The concept used in  this 
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Carbon Dioxide Removal 

A functional block diagram of a four-bed molecular sieve is shown in  
Figure 3- 16. Basic to the operation of this four-bed sorption sys tem is a n  
ar t i f ic ia l  zeolite (molecular s ieve)  sorbent  material with a high affinity for  
C02. 
t e r  absorbing dnd the other desorbing. 
ential affinity for  water  vapor,  an  additional pa i r  of desiccant canis te rs  
containing s i l ica  gel a r e  used to absorb the moisture  f r o m  the process  
s t r e a m  before it en ters  the C02 removal beds. 

Two canis te rs  of this mater ia l  function alternatively, with one canis- 
Because the sorbent  has  a prefer -  

A i r  drawn f r o m  the humidity control subassembly by the process  
flow fan  passes  through a liquid- cooled adsorbing desiccant bed, where’the 
s t r e a m  is dried to  a dewpoint of approximately -85  F. The air continues 
through a liquid- cooled adsorbing molecular sieve canis ter ,  where C02 i s  
removed by adsorption on zeolite. 
the desorbing desiccant canis ter ,  where desorption of the contained water  
rehumidifies the a i r  and regenerates  the desiccant bed. 
the desorbing desiccant canis ter  by resis tance hea ters  embedded i n  the 
cani s t e  r . 

Effluent air re turns  to the cabin through 

Heat is  supplied to 

The remaining components of this subassembly a r e  simultaneously 
The canis te r  engaged i n  recovering previously absorbed carbon dioxide. 

that  had been absorbing carbon dioxide f r o m  cabin air is  isolated f r o m  the 
other canis te rs  and i s  ready for  desorption, which i s  a sequenced operation. 
In the f i r s t  desorbing phase, a tmospheric  gas filling the void volume in  the 
isolated,  desorbing, zeolite canis te r  i s  f i r s t  returned to the concentrator 
inlet  by the compressor .  The accompanying reduction in  canis te r  p r e s s u r e  
to approximately 1. 0 psia causes  par t ia l  desorption of a i r  and carbon diox- 
ide,  which re turn  with the void volume gas.  
recycling i s  necessa ry  for  the delivery of C02 of high purity. 

This  ullage and adsorbed air 

In the second phase of this recovery operation, the compresso r  dis- 
charge i s  diverted into the accumulator by a solenoid-operated valve. 
compressor  maintains reduced p r e s s u r e  i n  the desorbing zeolite canis te r  
and t r a n s f e r s  the carbon dioxide to  the accumulator as i t  i s  desorbed. This 
desol-ption process  is accelerated by the t r ans fe r  of heat to the zeolite bed 
f r o m  e lec t r ic  res i s tance  hea ters  in  the bed. Near the end of the cycle,  the 
bed is precooled before adsorption. The operation is controlled by a t imer  
that cycles the valves i n  a predetermined manner.  An al ternate  operating 
mode i s  vacuum desorption, which is  used to remove C02 f r o m  the atmos- 
phere i n  case  the C02 pump o r  Sabatier unit fails .  This mode would be 
used i n  an  emergency or  during c rew exchange periods,  because both C02 
and air a r e  los t  i n  the process .  

The 
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Operation of this unit is  synchronized with the sun-side portion of the 
orbit  by information subsystem (ISS) control to take advantage of the available 
power. The half-cycle t imes of the molecular sieve and s i l ica  gel beds are  
68 and 3 4  minutes , respectively. 
10 minutes into the dark portion of the orbit ,  during which time the desorb- 
ing beds a r e  precooled before going on l ine (during the r e s t  of the dark 
period, coolant continues to circulate through the beds, but the fan and com- 
p r e s s o r  a r e  shut off). 

The operation time extends approximately 

During s tar t -up,  the s i l ica  gel beds must be dried by cycling them 
without allowing flow into the molecular sieve bed. 
prevent the poisoning of the molecular sieve beds by the ambient moisture  
i n  the s i l ica  gel beds. 

This must be done to 

The p r imary  GO2 removal subassembly in the lower toroid normally 
removes GO2 for  the ent i re  vehicle. 
and humidity control subassembly a s su res  that process  flow reaches  all 
decks. 
used i n  a water save-C02 dump mode during c rew exchange o r  in  a normal  
mode i n  the event of p r imary  subassembly failure.  

Flow circulated by the temperature  

The redundant molecular sieve subassembly i n  the upper toroid is  

The p r imary  performance character is t ics  for  12-man nominal 
operations a r e  as follow: 

Nominal GO2 collection ra te  

Nominal C02  collection rate 

Inlet C02 par t ia l  p re s su re  

A i r  flow ra te  

Desorption bed temperature  

Desorption bed p res su re  

He at r e  je  ction 

Coolant temperature  

Zeolite bed inlet  dewpoint 

A c c umul a to r capacity 

A c cumulato r p r e  s su re  

1,  75 pounds pe r  hour on absorbing 
cycle 
1. 1 pounds pe r  hour (daily average)  

5. 0 mm Hg (cabin concentration) 

76  cfm 

180 F 

1. 0 psia  

11, 900  Btu's per hour 

-60 F 

-85 F 

3 .  1 pounds of C 0 2  at 40 psia 

20 to  4 0  ps ia  
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The secondary performance character is t ics  a r e  as follows : 

C 0 2  removal rate with two units operating: 2 .20  pounds pe r  hour, 
average,  with 24-man production r a t e  and C02 par t ia l  p re s su re  of 
5. 0 mm Hg at inlet  

C02 par t ia l  p re s su re  increase  f r o m  5. 0 mm Hg to 7 . 6  mm Hg in 
12 hours with no molecular sieve operating 

A significant interface of the molecular sieve subassembly i s  with the 
Sabatier subassembly fo r  processing collected C02. 
sieve i s  cyclic i n  operation and the Sabatier i s  continuous in  operation, a 
C 0 2  accumulator i s  provided to afford a continuous supply of CO2 to the 
Sabatier reactor .  

Because the molecular 

Sabatier Carbon Dioxide Reduction 

The Sabatier subassembly consists of a reac tor ,  a condenser- 
separator ,  a condensate pump, and controls. Figure 3-17  is  a block 
d iagram of this subassembly, 
carbon dioxide and produces methane and water according to the following 
c he mi c a1 r eac ti on : 

The Sabatier subassembly hydrogenates 

CO .t 4H2 - CH t 2H 0 t heat ( 3 -  1) 2 4 2 

The hydrogen to  suyport reaction comes f r o m  two sources  (e lectrol-  
ys i s  and RCS storage)  and i s  supplied i n  an amount five percent  above that 
required by the previous equation, to  ensure complete reaction of CO2 and 
ultimate recovery of all oxygen available. 

The normal  operation of the Sabatier reac tor  is continuous, with C 0 2  

The electrolysis unit, which 

Hydrogen i s  supplied f r o m  RCS s to re s  during the dark 

being supplied f r o m  molecular sieve subassembly accumulators and hydrogen 
being supplied f r o m  electrolysis o r  the RCS. 
operates during the light side of the orbi t ,  supplies the required hydrogen 
during that period. 
side of orbit .  
exceeds that required by the Sabatier unit for  continuous operation. 
fore ,  a hydrogen accumulator i s  required to contain and uti l ize this excess  
hydrogen production. The mixture of hydrogen and carbon dioxide i s  con- 
trolled by a p re s su re  regulator and orifices to maintain a constant p re se t  
ratio.  
the inlet  and at 400 F at the outlet, by control of the coolant. 
s ta r ted  by s tar t -up hea ters ,  which bring the reac tor  to an operating 
temperature  before the entrance of H2 and COz. 
directed to the wash water  assembly. 

F o r  nominal orbi ts ,  the electrolysis unit H2 production 
There-  

The temperature  profile along the reac tor  i s  maintained at 600  F at 
The reac tor  is 

The water produced i s  
The gases  (pr imari ly  methane) f rom 
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the condenser-separator  may  be vented overboard or  used for res is tojet  
p r op el l  ant. 

The p r imary  performance charac te r i s t ics  of the Sabatier subassembly 
for 12-man continuous operation a r e  a s  follows: 

Operating time 

C02  reduction 

H2 flow 

H2 electrolysis  

H2 accumulator volume 

H2 accumulator capability 

Waste CH4 

Waste H2 

H20  produced 

He a t  rejection 

Continuous 

1.13 pounds pe r  hour 

0 .207  pound per  hour 

3 .  5 pounds per  day (average);  RCS 
H2--1.7 pounds per  day (average)  

4 .0  cu f t  

0. 054 pound at 40 psia  

9 .8  pounds per  day (average)  

0. 25 pound per  day (average)  

22. 1 lb/day 

Condenser: 
50 F 

Reactor:  
9 0  F 

300 Btu 's  per  hour at  

210 Btu's per  hour at 

Water Electrolysis  Subassembly 

The electrolysis  subassembly provides oxygen for  crew metabolic 
consumption and leakage makeup and the m a j o r  portion of hydrogen required 
for C02 reduction by water  e lectrolysis .  
d iagram of the water  electrolysis subassembly. 
water  reclamation subassembly is fed to the electrolysis  cel ls ,  which a r e  
stacked to f o r m  modules. Within each cell,  feed water  en ters  a compart-  
ment  separated f r o m  the hydrogen cavity by a wicking mater ia l .  
water i s  absorbed into the wick and t ransported to the other side of the wick. 
F r o m  the wick, the water  evaporates into the product hydrogen s t r e a m ,  
where i t  diffuses through the hydrogen s t r e a m  to the electrolyte matr ix .  
This water  vapor i s  absorbed by the potassium hydroxide electrolyte and 
electrolyzed to f o r m  oxygen, which evolves a t  the anode, and hydrogen, 
which evolves at the cathode. 
separa tor  (condensed water  i s  pumped back to the ce l l s )  to the cabin atmos- 
phere. 
l a tor  i n  the CO2 reduction subassembly. 

Figure 3-18 is a functional block 
Water f rom the potable 

This 

Oxygen passes  through a condenser- 

Hydrogen passes  through a condenser-separator  to  the H2 accumu- 
The cel ls  a r e  maintained at 
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approximately 170 F, while heat is re jected by evaporation of feed water  
f rom the wicks. 
must  be removed periodically by the circulation of feed water  through a 
gas-liquid separator .  In addition to  the cel l  modules, the equipment 
includes a pump, a condenser- separa tor ,  a gas-liquid separa tor ,  and 
controls. 

Gases evolved within the water  compartments of the cells 

The subassembly i s  operated only on the light side of the orbit ,  when 
l a rge  amounts of e lectr ical  power a r e  available f r o m  the electr ical  power 
system. Actuation of e lectrolysis  is  initiated through ISS commands when 
the cabin oxygen par t ia l -pressure  control sys tem indicates a demand o r  
capability to accept oxygen in the cabin without exceeding the desired maxi- 
m u m  of 0 2  partial  p ressure .  F o r  nominal oxygen supply requirements ,  the 
electrolysis  unit operates  for  60 minutes of the orbit. 

Because oxygen demands can occur a t  any t ime i n  the orbital  period, 
an  accumulator i s  required to meet  the demands during the dark  side of the 
orbit .  

The water  supplied to the electrolysis  assembly i s  drawn f rom potable 
s torage to ensure  that water  to be electrolized contains the lowest possible 
concentration of dissolved gases  that could impai r  water  feed devices. 

In normal  operation, only th ree  of the four electrolytic cell  s tacks 
shown a r e  required. 
the event of fa i lure  of the operating stacks.  

One cell  stack i s  redundant and can be put on l ine in 

The p r imary  performance pa rame te r s  of the electrolysis  subassembly 
for the 12-man crew a r e  a s  follows: 

Operating time Light side of o r  bit; estimated ' 
57 minutes per  orbi t  (minimum) 

Water supply 2. 105 pounds per hour (light s ide)  

Oxygen production 28.2 pounds pe r  day ( ave rage ) ;  
1. 87 pounds per  hour (light side 

0, 234 pound per  hour (light side 

3 .  0 pounds at  50 F and 50 psia  

1 5  cu f t  

Hydrogen production 

0 2  Accumulator capacity 

0 2  Accumulator volume 

He at  rejection 5500 Btu's pe r  hour at  70 F coolant 
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WATER MANAGEMENT ASSEMBLY 

The water  management assembly consists of subassemblies fo r  
processing ur ine,  wash, and experiments water ,  s torage of processed  water ,  
and maintenance of steri l i ty.  

The wash and condensate recovery subassembly processes  wash water  
f r o m  showers and sinks,  as well as the condensate f r o m  the humidity con- 
t rol  subassembly, in  a reverse-osmosis  unit. Reclaimed water  and 
Sabatier reac tor  condensate water  is t r ans fe r r ed  to the s torage subassembly, 
while rejected wash water  l iquor is  sent to the potable recovery sub- 
assembly.  The potable recovery subassembly processes  ur ine,  dishwasher 
water ,  and r eve r se -  osmosis-  rejected br ine i n  rotating vapor-compression 
sti l ls .  Reclaimed water  i s  t ransfer red  f r o m  this subassembly to the 
s torage subassembly. W a t e r  f r o m  all experiments,  including the medical 
and dental a r e a s ,  is  processed by the central  station vapor compression 
reclamation subassembly. 

The clean-water s torage subassembly consists of separa te  s torage 
tanks for  wash and potable water.  This water  i s  maintained at 160 F i n  all 
s torage tanks for  bacter ia  control through pasteurization. In addition, s i lver  
ions a r e  added to the water  in  the distribution l ines to r e t a rd  the growth of 
bacteria.  

The water  management assembly has a potential interface with the 
resis tojet  subsystem through utilization of any excess  water  a s  a biowaste 
propellant. 
Figure 3- 19, which was abstracted f r o m  Reference 1, Volume 11. F o r  the 
case  presented in  Figure 3-19, no excess  water  i s  available. However, i n  
the following sections detailed analyses will be presented fo r  cases  i n  which 
there  may  be excess  water  due to tolerances and possible conservat ism in 
cer ta in  assumptions.  

The m a s s  balance for  the space station ECLSS is given in  

Potable Wate r Recovery 

This  subassembly employs the chemical pre t rea tment  of urine,  
rotating- d rum vacuum distillation units with integral  but externally mounted 
vapor compresso r s ,  and a post t reatment  section of bacter ia  and charcoal 
filters (Figure 3-20). 

P re t r ea tmen t  chemical f rom storage tanks is  added to ur ine and flush 
water  f r o m  the ur inals  on Decks 2 and 3 to chemically fix the f r e e  ammonia 
and kill bacteria.  This pretreated ur ine,  r eve r se -  osmosis  residuum, waste 
experiments water ,  and the previously pre t rea ted  ur ine f rom the ur inals  on 
Decks 2 and 3 a r e  held in  the waste water tank. 
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Because of the unknown composition of the experiments water ,  the 
amount and type of pre t rea tment  cannot be predicted. 
ment  integrated with each of the sinks serviced by the experiments loop 
should be considered, especially t rea tment  for  bacter ia  control in  the 
medical and dental sinks.  

Individual pre t rea t -  

A s  the waste i s  processed in  the vapor compression s t i l l s ,  the water  
vaporizes a t  near  ambient tempera ture  and reduced p r e s s u r e  within the 
evaporator.  In the compresso r ,  the vapor p r e s s u r e  and tempera ture  a r e  
ra ised above the levels i n  the evaporator to provide a tempera ture  differen- 
t ia l  between the condenser and the evaporator.  Thus, when condensation 
takes place,  the heat of condensation i s  t r ans fe r r ed  by conduction to the 
evaporator ,  and is  therefore  conserved. The remaining l iquor ,  a f te r  mos t  
of the water  within the st i l l  i s  recovered, is t ransfer red  to a solids d rye r ,  
which is  integrally associated with the still.  
and the vapor is  re turned to the evaporator section of the still.  
arrangement ,  97. 5 percent of the water  i s  recovered. 

The solids remain  i n  the d rye r ,  
With this 

The p r imary  potable water recovery subassembly on Deck 2 recovers  
water  f r o m  all ur ine,  experiments,  and dishwater. It contains two s t i l ls  
that operate  24 hours per  day a t  the nominal process  ra te .  The redundant 
subassembly on Deck 3 a l so  contains two s t i l ls  and i s  operated a s  follows: 

0 During crew exchange (when the processing ra te  mus t  be doubled) 

0 During depressurizat ion of Decks 1 and 2 (when scheduled main- 
tenance i s  impossible) 

0 During maintenance of the p r imary  subassembly, i f  necessary  

e To handle higher than nominal usage ra tes  

The performance charac te r i s t ics  for the potable water  recovery com- 
ponents a r e  a s  follows: 

Ope rating de sign t ime Continuous 

P r o c e s s  ra te  8 . 9  pounds pe r  hour 

He at  rejection 1490 Btu's pe r  hour 

Detailed requirements  and analysis a r e  given in Reference 1, 
Volume IV. 
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Wash and Condensate Water Recovery 

Reverse  osmosis  is a semipermeable  membrane  process  i n  which 200 
to 300 psi of p r e s s u r e  i s  employed to  rec la im water  (Figure 3-21). 
semipermeable  membrane prevents the passage of solids and other contam- 
inants,  but allows the t ransfer  of water .  

The 

In this subassembly, waste water  consisting of wash water ,  humidity, 
The waste  and Sabatier condensate is received and s tored  i n  holding tanks. 

water is  drawn f r o m  the tank and pressur ized  by a pump for  inser t ion into 
the r eve r se -  osmosis  circulation loop. Recirculating flow is provided by a 
low p r e s s u r e  r i se /h igh  flow pump. In the reverse-osmosis  unit, the high 
p r e s s u r e  forces  the water  through the semipermeable  membrane  against  
the osmotic p r e s s u r e ,  leaving the solids i n  the circulation loop. The 
reclaimed water  i s  continuously removed and pumped through a s e r i e s  of 
charcoal  and bacter ia  f i l t e rs .  The concentrated waste  l iquor that builds up 
i n  the circulation loop i s  routed to the potable water  recovery subassembly 
upon a signal f r o m  the solids sensor .  
solenoid valve and returns  the water  to the tank for  recycling i f  the conduc- 
tivity i s  too high (denoting impuri t ies) .  

The conductivity m e t e r  activates a 

A single reverse-osmosis  subassembly is  provided with the waste- 
water  portion of Deck 2 and the clean-water portion located on Deck 3.  
Redundant charcoal  and bacter ia  f i l t e rs  can be brought on l ine remotely i f  
the p r imary  f i l t e rs  require  replacement when a volume is depressurized.  

The subassembly i s  designed to operate a t  the nominal process  ra te  for  
18 hours pe r  day. 
and/or  extended operation to account for grea te r -  than-nominal usage ra tes  ~ 

The remaining six hours a r e  allocated to maintenance 

The performance charac te r i s t ics  for  the wash and condensate recovery 
subassembly a r e  a s  follows: 

Operating design t ime-  18 hours p e r  day 

P r o c e s s  r a t e -  16. 5 pounds p e r  hour 

Heat re ject ion-  510 Btu's pe r  hour 

Water Storage and Pur i ty  Control 

The water  s torage and control subassembly provides the following 
functions : 

Water s torage and inventory control 

Water distribution 
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Water- quality monitoring 

Bacter ia  control 

It should be noted that waste-water  s torage is  not included i n  this sub- 
assembly,  because this function is  an  integral  par t  of the processing 
subassemblies 

One of these subassemblies i s  provided for  each of the three  major  
water  loops: p r imary  potable, redundant potable, and wash water.  Each 
subassembly consists of heated water- s torage tanks, a water-quality 
monitoring sys t em with a circulating pump and auxiliary equipment, valves 
and controls , and distribution plumbing. Water-quality and redundancy 
requirements  of each loop dictate the number of s torage tanks required.  
Where water  quality and use a r e  c r i t i ca l -  such a s  in  the potable loop- two 
tanks a r e  used, 
this i s  not a cr i t ical  function, 

Two tanks were selected for  the wash water  even though 

Bladder- type tanks were  selected as the baseline approach. Water 
s tored  in the tanks is  maintained at a pasteurization tempera ture  of 160 F. 
Circulation i n  the s torage tanks i s  provided by the pump used to obtain water  
samples  for monitoring purity (Figure 3-  22).  
localized stagnation and potential bacter ia  growth and provides for  a homo- 
geneous water  sample for  purity testing. 

This circulation prevents 

During normal  operation of a two-tank loop, one tank is  on l ine pro- 
viding a continuous supply, while the second type is  being filled with the 
newly processed  water  to avoid potential contamination of the f i r s t  tank by 
the processed water  inflow. 
by the nitrogen p res su re  control subassembly. 

Tank pressurizat ion for  expulsion is provided 

The water  i s  cooled to room temperature  (65 to  80  F) downstream of 
the s torage tanks by a heat exchanger on the cabin coolant loop subassembly. 
A s i lver  ion generator  i s  installed immediately a f te r  the heat exchanger fo r  
additional purity protection, and ion collectors a r e  installed at the use  
ports .  In addition, bacter ia  f i l ters  a r e  installed a t  each use  port. 

The purity monitoring unit provides on-line monitoring of the s tored  
water  to ensure that only potable water  i s  supplied. 
monitoring unit i s  a significant technology item. 
i s  presented in Figure 3-23 .  
th ree  possible types of contaminants: inorganic sa l t s ,  organic chemicals ,  
and microorganisms.  

Definition of the purity 
A potential design solution 

The processed water  in  the space station has  
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A three-  to  four-hour incubation period is required for the detector 
sys tem to determine water  potability. 
tested water  to the space station, while the second reservoi r  is  isolated dur-  
ing filling and testing. 

One s torage tank supplies previously 

The detection sys t em withdraws a sample f r o m  the isolated r e se rvo i r  
and feeds it through a conductivity and pH sensor  to determine the concen- 
t ra t ion of inorganic salts. A small quantity of electrolyte is  added to  the 
sample s t r eam,  which i s  then equally divided into a control sample and a 
determining sample,  with a nutrient added to the la t ter .  
s t r e a m s  discharge into smal l -d iameter  tubes to ensure plug flow f r o m  the 
equal volume meter ing  pumps. 
incubation chamber ,  where any existing microorganisms will multiply. 
The control and determining samples  pass  through separate  detectors ,  and 
a differential reading would indicate the presence of microorganisms.  

The sample 

The determining sample goes through an 

The detector elements consist  of a small-diameter  orifice (2  to 20  
diameters  of the maximum microorganism s ize) ,  with electrodes fo r  
applying a voltage a c r o s s  the orifice. 
both samples  will have equal conductivity. If microorganisms a r e  present ,  
the determining sample will be l e s s  conductive because of the incubated 
increase  of the nonconducting organisms. The voltage for  a fixed cu r ren t  
flow will be grea te r  for  this sample.  Predetermined l imits  on the voltage 
differential indicate unacceptable purity of the water.  

If no microorganisms are  present ,  

The nonviable organic concentration in the water  will be determined by 
re fer r ing  the control sample detector to a predetermined voltage for  water  
containing no organics.  
taminant, so i t  may be possible for  one contaminant to build up to toxic 
levels within the allowable total contaminant level.  
r e sea rch  a r e  required in  this a r e a  to  determine i f  the water  reclamation 
process  will allow selective contaminant buildup. 
ing unit will provide a positive GO/NO-GO indication of overal l  water  
quality. This indication will be both qualitative, by means of an  alarm, and 
quantitative, through a readout of specific parameters  Separate water- 
purity monitoring units a r e  provided for  each loop: p r imary  vapor compres-  
sion, redundant vapor compression,  and reverse-  osmosis  wash water.  

The above method does not identify the type of con- 

Fur ther  study and 

The water- purity monitor- 

WASTE MANAGEMENT ASSEMBLY 

The waste management assembly  consists of subassemblies for  c rew 
fecal and urine collection and for  general  station t r a s h  collection, proces-  
sing, and disposal, Two toilet subassemblies ,  each equipped with a urine 
collection device, and two standup urinals have been provided in  each 
p r e s s u r e  volume. The fecal collection unit features  vacuum drying of the 
f eces ,  an expendable collection tank, and conventional wipes. 
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Redundant trash collection and processing centers  a r e  provided i n  the 
galley on Deck 1 and i n  the experiments laboratory on Deck 4. 
chamber i s  utilized to s te r i l i ze  wet wastes at 250 F each crew night. Dry 
wastes  a r e  compacted and s tored  i n  expendable containers for  re turn  to 
ear th  via the ALS. The t r a s h  processing unit is based on a waste quantity 
of approximately 30 pounds per  day and an  uncompacted volume of 2 cubic 
feet. 
ment  waste,  food packaging and waste  food, expended crew supplies, used 
clothing, and subsystem wastes ,  such as f i l t e rs ,  s p a r e  pa r t  packaging, 
and teletype paper. ' 

A drying 

T r a s h  management is  designed as a utility sys tem and accepts experi- 

The waste  management assembly  has been designed to emphasize two 
distinct goals: (1)  minimization of contamination both inside and outside the 
station and (2 )  a high degree of user  acceptance and minimum handling. 
F r o m  a performance point of view, the venting of gases  that might condense 
on the ex ter ior  sur faces  ( radiator ,  solar  panel, o r  telescope l enses )  has 
been minimized by using low- tempera ture  processing. 

The ur ine collection subassembly is not discussed in  detail since the 
interface with a res is tojet  assembly  would be through the water  management 
assembly.  

Fecal  Collection 

The fecal collection subassembly incorporates  an  expendable tank for  
feces s torage ,  conventional wipes , and room- temperature  vacuum drying. 
Because collection, processing, and storage functions a r e  accomplished i n  
one container, complexity and c rew handling requirements  a r e  minimized. 

At defecation, the feces  a r e  ca r r i ed  by a t ranspor t  air flow into the 
container. 
and acce lera tes  the fecal mater ia l  outward to f o r m  a thin l aye r  around the 
inner  per iphery of the container. 
separat ion of the feces  and t ranspor t  air. 
toilet i s  occupied by a crewman. 
in te r ior  i s  exposed to space vacuum. 
inactivating the fecal bacteria.  Actually, the process  i s  one of freezing (by 
e v a p r a t i o n  of a portion of the feces  water content) followed by sublimation. 
The t ranspor t  air (during toilet u s e )  is  returned to the cabin ambient via a 
mechanical- type bacter ia  f i l ter  and an activated charcoal bed. 
collection subassembly schematic is  given i n  Figure 3-24. 

The feces  then contact a rotating element  (s l inger) ,  which shreds  

The rotating 

After the crewman exits,  the container 

sl inger a l so  provides phase 
The slinger rotates  only while the 

This  d r i e s  the thin feces  l aye r ,  

The fecal 
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The fecal collection subassembly has  the following performance 
c ha r ac  te ri s t i  c s : 

Atmosphere flowrate (operating) 10 cfm minimum 

Ai r  f i l ter  rating 0.08 micron  

Container s torage capacity 12 man- months equivalent 

Feces  drying t ime /use  

Atmosphere l o s s  pe r  vacuum 
expo s u r  e 

2 to 6 hours ,  90-percent dry,  
no crew-use res t r ic t ion  

2 cubic feet  

Structural  penetration for  vacuum 
exposure 

1 inch diameter  

Component- level t rades  a r e  involved to  determine the following: 
(1)  Are  tank l i ne r s  o r  tanks expendable? 
i n  the tank unit? 
tion? 
(5 )  Is pumpdown of the tank volume required to conserve weight? 

(2)  Should the motor be packaged 

(4) Should heat application be used to  increase  the fecal drying r a t e?  
(3)  Should ultra-violet  light be installed for  sea t  s ter i l iza-  

Air dump to space var ies  f r o m  110 pounds per  180 days to 320 pounds 
per  180 days; therefore ,  pumpdown may be required.  
replacement of a collection tank depends upon the tank size.  
capacity may be increased  to a s  much a s  a 24-man-month capability. 

The frequency for  
Tank s torage 

Waste Process ing  

The waste processing subassembly includes provisions for  collection 
of t r a sh ,  drying and steri l izing, compaction, and s torage p r i o r  to ea r th  
re turn  by ALS.  
chamber ,  a compactor with a compressor  motor /dr ive  sc rew unit, access  
doors ,  and a s torage chamber.  Separate processing equipment is intalled 
on Deck 1 in  the galley and on Deck 4, and each equipment unit is capable 
of servicing the en t i re  station. 

The waste processing center  consists of a drying 

Wet waste o r  t r a s h  susceptible to bacteriological growth is inser ted  
Waste drying and s ter i l iza-  into the drying chamber  during the c rew day. 

tion a t  250 F i s  accomplished during an  eight-hour period each night. Dried 
waste is  mechanically compacted and delivered into a s torage chamber.  The 
t r ans fe r  f r o m  the drying chamber  to compaction and s torage i s  accomplished 
automatically. The s torage chamber  i s  equipped with a removable l iner .  
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Compacted waste is  removed and placed i n  remote s torage (the torus  
The waste is returned to ea r th  a r e a  o r  a cargo module) every  seven days. 

via ALS, 

Intermediate waste collection containers,  equipped with a chemical 
additive for  odor and bacter ia  control, a r e  provided throughout the station 
for  short-  t e r m  storage (two days). 

The waste processing subassembly has the following performance 
charac te r i s t ics :  

T r a s h  quantity 30 pounds per  day (wet) 

T r a s h  type See Table 3-2 

T r a s h  volume 2 cubic feet  per  day 
(unc ompac ted)  

Drying tempera ture  250 F 

Drying t ime Eight hours maximum 

Compaction 

Atmosphere loss  per  vacuum 
expos u r e  

75 psi  

2 cubic feet  

Structural  penetration 1-inch diameter  

The waste processing subassembly i s  a conceptual design only. 
significant development o r  design drawings have been made of this concept. 

No 

The Whirlpool t r a shmashe r  provides a feasibility check fo r  the 
compactor. 
subassembly to determine whether the drying chamber ,  compactor,  and 
s torage bin should be separate  units o r  combined into a single unit. 
recognized that the processing center  must  feature  easy  access  for  the 
t r a sh ,  careful sea l  design to prevent cabin atmosphere leakage overboard,  
and an easy-to-clean design. The l i ne r  in the s torage bin i s  scheduled for 
replacement every seven days. The galley processing center  allows for  
waste inser t ion f rom the galley and replacement of the s torage container 
f r o m  an a i s le  outside the galley. 

Fur ther  evaluation must  be made of the waste processing 

It i s  
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The vent products f rom the 250 F ster i l izat ion process  must  be 
evaluated, and consideration should be given to the addition of supplementary 
f i l ters  and equipment to prevent contamination of ex ter ior  surfaces .  
gravity collection and intermediate s torage of waste i n  the laborator ies ,  the 
s ta terooms,  and personal  hygiene facil i t ies must  be adequate to  control odor 
and significant bacter ia  growth. 

Zero- 

WASTE FLUIDS FOR RESISTOJET PROPELLANT 

The previous .section described the operation of ECLSS subassemblies  
which might provide waste fluids to be utilized by a resis tojet  assembly a s  
propellant. In this section, the types and quantities of fluids a r e  defined. 

Biowaste Gases 

The most  accessible  fluids, i n  reasonable quantities, a r e  obtained 
f rom the Sabatier condenser- separa tor .  
consists pr imar i ly  of methane and hydrogen and secondarily of varying 
quantities of C02,  N2, H20, 0 2 ,  and airborne contaminents. 

The Sabatier condenser effluent 

The resis tojet  sys tem i s  par t icular ly  adaptable to a wide range in  the 
propellant supply model, both in  t e r m s  of the gases  present  and the mixture  
ratios.  This property of res is tojets  makes the operation of a r ea l  sys t em 
relatively simple and the ECLSS relatively noncritical in  some respects .  
However, knowledge of the variation i n  the supply model is  necessary  to 
accomplish the following: 

1. Verify the detailed resis tojet  performance 

2. Evaluate the long-life charac te r i s t ics  of the res i s to je t  
(condensation, corrosion effects) . 

3 .  Verify that only safe gas mixtures  a r e  involved 

4. Evaluate res is tojet  plume contamination on the vehicle and 
e nvi r onme n t 

The major  sources  of variation in the waste gas supply a r e  the crew C02 
production ra te  and the effectiveness of the C02  management assembly. 

Baseline Biowaste Supply Model 

The baseline biowaste model a s sumes  perfect  reactions and 100- 
percent efficiency of subsystem components. 
C02 production ra te  only. 

Variations in supply a r e  due to 
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Crew C02 production var ies  pr imar i ly  with crew activity, c rew age,  
and physical size,  diet type, and environment. A comprehensive descr ip-  
tion of these influences is  contained in  the Bioastronautics Handbook 
(Reference 4). The space station employs a nominal c rew of 12 men  
represent ing a range of technical and scientific disciplines. 
activit ies will include all the normal  operations, maintenance, and e m e r -  
gency r epa i r  associated with an independently operating vehicle. 
addition, the c rew will conduct an extensive program of research ,  investi- 
gation, and development operations. A comprehensive description of c rew 

The crew 

In 

activit ies and operations i s  contained in  the Space Station Crew Operations 
Definition (Reference 5). 

A s  c rew size and mission duration increase, .  the need for  detailed 
definition of c rew personal requirements  a s sumes  added importance.  
U. S. space flights to date, the task demands of mission t ime l ines ,  although 
fulfilled remarkably well by the various c rews ,  have often exceeded des i r -  
able levels  for  long- t e r m  space flight. F o r  extended- duration missions,  the 
problem i s  one of pacing. Pre l iminary  studies suggest that the safes t  course  
i s  to a i m  for  conventional, earth-based- type schedules, unless the par t icular  
type of mission or  experiment strongly demands alternative scheduling. 
This means that crews should normally maintain a regular ,  diurnal schedule, 
obtain m o r e  than seven hours of s leep  per  day, and work no m o r e  than ten 
hours pe r  day. If due attention i s  paid to these principles,  the probability of 
mission success  should be enhanced. 
a lmost  sure ly  produce physical inadequacies within the crew,  result ing in  
ser ious mission degradation o r  failure.  

In 

Total d i s regard  of these rules would 

Figure 3-25, f r o m  Reference 5, is a breakdown of a nominal daily 
schedule for  a 12-man crew. 
actual Scheduling should be l e s s  rigid, except as constrained by availability 
of facil i t ies e 

While discrete  t imes a r e  shown for all events,  

Metabolic O2 consumption and C02 production a s  a function of c rew 
activity level a r e  presented in  Figure 3- 26,  which indicates nominal energy 
expenditures fo r  sleep, work, and exercise .  Exerc ise  energy peaks to 
3000 Btu per  hour for  shor t  durations (minutes).  
exerc ise  level is averaged over a 90-minute t ime period. 
for  various activity levels i s  tabulated i n  Table 3-3. 

The 1160-Btu-per-hour 
Energy expenditure 

The maximum change in  metabolic production between sleeping and 
working was "bound" by using a t imeline in  which all men were  assumed 
sleeping concurrently and working concurrently. 
tion, assuming 100-percent reaction of C02, i s  shown in Figures  3-27 
through 3-30. 
hygiene, eating, and recreation. 

The C02 and CH4 produc- 

The t e r m  "PERS" indicates t ime dedicated to  personal  
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Figure  3-26. Metabolic Data as a Function of Crew Activity Level 

Table 3- 3 .  Nominal Energy Expenditure Levels 

Activity I 
Sleeping 

Eating 

Working (light activity) 

Exerc ise  (moderate to heavy) 

Recreation relaxation) 

Personal  hygiene activit ies 

EVA/IVA (suited) 
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Because the molecular sieve operates  on the light side of the orbi t  only, 
the C02 collection i s  periodic. 
take out this t ransient  and provide a continuous flow of C02  to the Sabatier 
reactor .  
and 3-30. 

The C 0 2  accumulator,  however, i s  s ized to 

The methane production is essentially as shown in  Figures  3-29 

The long- duration, steady- s ta te  CO2 production ra te  for  the space 
station is  2.25 pounds pe r  man-day. 
the nominal metabolic model. 
significant aerospace programs is given i n  Table 3-4. The C02  productkon 
ra te  for  nominal design is  seen to va ry  f r o m  2. 12 to 2. 55 pounds per  man- 
day. 
duration C 0 2  production of 2 . 2 5  pounds pe r  man-day probably has  a toler-  
ance of $0.3 0 and - 0. 13 pound per  man- day. 

Agreement has  not been reached on 
A survey of metabolic data used fo r  previous 

The resis tojet  sys tem design should consider that the basic  long- 

The CO2 reaction efficiency i n  the Sabatier reac tor  i s  p r imar i ly  a 
function of the quantity of H2, the reac tor  geometry and catalyst  type, and 
the thermal  control of the reactor .  NR prel iminary design effort indicates 
that approximately 5- percent H2 over the stoichiometric requirement  i s  
required to improve CO2 conversion efficiency. 
model for prel iminary sizing purposes for the 12-man space station i s  
given in  Table 3-5. 

The baseline biowaste 

The gas composition given in Table 3-5. i s  the average daily produc- 
tion based on 2 7  pounds of C02 produced per  day, 100-percent CO2 conver- 
sion with 5-percent excess  H2, and no gases other than C02 desorbed f r o m  
the molecular sieve subassembly. 
conditions in  the Sabatier condenser-separator  a t  70 F, 15 psia,  and 100- 
percent gas-liquid separation. 
vals l e s s  than a day may be obtained by using Figure 3-29 fo r  the methane 
production with the same  ratio of hydrogen and water  a s  shown in Table 3-5. 
This baseline model i s  considered adequate for  mos t  prel iminary perform- 
ance and sizing calculations. 

The H 2 0  resul ts  f r o m  assuming saturated 

The biowaste gas production fo r  t ime inter-  

Nominal Biowaste Supply Model 

Evaluation of mater ia l s  compatibility, external vehicle contamination, 
and safety considerations requires  a more  detailed biowaste gas  composition 
than that provided by the baseline model. 

F o r  the purpose of establishing the variation in the biowaste gas 
composition f r o m  the CO2 management assembly,  studies were  conducted 
of the performance of the molecular sieve subassembly, the Sabatier reac-  
t o r ,  and the Sabatier condenser; and a survey was made of the significant 
r e s e a r c h  t e s t  p rograms to date. I t  was observed that severa l  of the 
Sabatier effluent variations were  caused by specific design problems which 
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Table 3- 5. Baseline Biowaste Gas Composition 

uction Rate 

can reasonably be improved fo r  the station system, 
posed design models reflect  performance extrapolation to a 1977 space 
station launch. 

Consequently, the pro- 

The sources  of variation in  the resis tojet  supply, exclusive of the 
crew, a r e  identified in  Figure 3-31. 
sources  of variation i n  the biowaste supply a r e  (1) Sabatier reac tor  per-  
formance,  ( 2 )  Sabatier condenser water  vapor content, (3)  adsorption of 
cabin gases  i n  the molecular sieve,  and (4)  leakage of cabin gases  into the 
ECLSS at locations which a r e  below the cabin pressure .  The secondary 
fac tors  influencing the p r imary  sources  a r e  a l so  identified on Figure 3-31. 

The figure indicates that the p r imary  

A survey of the following significant r e s e a r c h  programs provided a 
basis  for  predicting variations in  biowaste supply: 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

North American Rockwell/AiRe sea rch  Sabatie r r e s  e a r  ch, 
1961-1963 (References 6 and 7) 

Integrated life support sys t em (ILSS) 28- day tes t ,  NASA- Langley/ 
General  Dynamics, 1966- 1967 (Reference 8 )  

Manned 60- day tes t ,  NASA- Langley/McDonnell Douglas, 1969 
(References 9 and 10) 

Manned 90- day tes t ,  NASA- Langley/McDonnell Douglas, 1970 
(Reference 11) 

Boeing/NASA- Langley Sabatier r e sea rch ,  1970 (Reference 12) 

Hamilton Standard/NASA- MSC Sabatier research ,  1970 
(Reference 13) 

AiResearchlNASA- MSC molecular sieve research ,  1970 
(Reference 14) 
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This survey and the conclusions a r e  discussed in detail  in the appendix. 
Survey r e su l t s  a r e  summarized in the following paragraphs.  

As a resul t  of the l i t e ra ture  survey,  a nominal biowaste gas model 
was developed. 
99-percent CO 
conditions. 
the station Sabatier hardware and is extrapolated pr imar i ly  f r o m  the resu l t s  
of Boeing (Reference 12),  AiResearch (Reference 7) ,  and the space station 
Phase  B p rogram (Reference 1,  Volume 11). 
supply is based on a 54 F condenser outlet saturation temperature  at 
15 psia ,  which is the design condition reported i n  Reference 1 ,  and 
1 00-percent gas-liquid separation in the condenser-separator .  
assumption is considered reasonable,  because the variation in the amount 
of saturated water  vapor in the gas outlet due to variations in condenser 
temperature ,  p r e s s u r e ,  and gas composition is considered to  be  the 
predominant factor in  water  l o s s  f rom the Sabatier assembly.  
tion is discussed l a t e r .  

The nominal Sabatier performance condition is defined as 
conversion at  5-percent excess  H2 over stoichiometric 2 

The 99-percent C 0 2  conversion efficiency is a n  es t imate  for  

The water in  the biowaste 

This la t te r  

This var ia -  

The N2  in the biowaste supply, based on work by AiResearch 
The 90-day t e s t  resul ts  partially (Reference 14),  is 1 pound p e r  day. 

substantiate this conclusion about N2. ' The 0 2  in the biowaste supply 
a s sumes  a station sys t em configuration similar to  that in the 90-day t e s t  
p rog ram (Reference l l ) ,  where 0 2  f i l t e rs  a r e  placed on the inlet  to the 
C 0 2  and HZ accumulators .  Scaling the 90-day t e s t  resul ts  to the space 
station on the bas i s  of C 0 2  process  ra te  resul ts  in  0.0193 pound of 0 2  per  
day in the biowaste gases .  T race  contaminants in  the biowaste supply a r e  
es t imated to be 0.0044 pound p e r  day based on the 60-day t e s t  (Reference 10). 
The composition of the nominal biowaste model i s  shown in Table 3-6. 

Variation in the Biowaste Supply 

The minimum performance model in Table 3-6 represents  a lower 

The maximum performance model represents  a higher 
C 0 2  conversion efficiency and a n  increased  amount of impuri t ies  in the 
biowaste supply. 
C 0 2  conversion efficiency and a minimum amount of impurit ies in the 
Sabatier effluent. 
of 90 percent  and a maximum of about 99 .5  percent  (estimated f rom the 
l i t e ra tuse  review). The H2 supply for  the NR space station is est imated to 
vary  f r o m  stoichiometric to 10-percent r ich.  In Table 3-6, stoichiometric 
H2 is paired with 90-percent conversion efficiency and 10-percent excess  
H2 with 99 .  5-percent efficiency. 
predicted f rom the reaction equation utilizing the variation in  efficiency 
stated above. 

The C02 conversion efficiency may va ry  to a minimum 

The variation in  the product CH4 is 
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The water  in  the biowaste supply is a function of the condensing 
tempera ture  and p r e s s u r e  (F igure  3-32)  and the composition of gases  in  the 
condenser.  
condensing p r e s s u r e  for  the station m a y  vary  f rom 10 to 2 0  psia.  
composition will vary  as descr ibed in  this section. 
water  is l is ted in Table 3 - 7  for s eve ra l  ca ses .  

The condensing tempera ture  may  va ry  f rom 40 to 70 F. The 
The gas 

The variation in the 

The N2 in the biowaste supply due to adsorption in the zeolite m a y  vary 
f rom 0 . 5  to 4 . 0  pound per day (based on sca t te r  in the data f r o m  Refer-  
ence 14). 
tion. 
in the zeolite canis te r  is cycled to the active adsorbing bed, and the canis ter  
p r e s s u r e  is reduced to 1 psia.  
of air and COz, which is recycled with the void gas volume. 
and desorbed air recycling is done to a s s u r e  delivery of high-purity C 0 2 .  
Air and contaminants will be delivered to the Sabatier subassembly depending 
on the completeness of this recycling phase. 
diver ts  the compressor  discharge to the C02  accumulator,  and heat is 
applied to  the zeolite to a id  desorption. 

The molecular sieve desorption operation is a two-phase opera-  
In the first desorbing phase,  a tmospheric  gas filling the void volume 

This low p r e s s u r e  .causes par t ia l  desorption 
This ullage 

The second phase of desorbing 

Nitrogen can a l so  enter  the sys t em by means of inward leakage f rom 
the cabin through plumbing fittings and connections where the molecular  

R CONDENSER TEMPER 

Figure  3-32, Condenser Saturated Water Vapor 
Content Versus Tempera ture  and P r e s s u r e  
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Table 3-7. Variation in Biowaste Gas Water Vapor Content 

Gas Composition 

Nominal model 

Minimum performance 
model 

Maximum pe r fo rmanc  e 
model 

10 

20 

10 

20 

10 

20 

Tempe ra tu r e 
(F) 

70 

40 

70 

40 

70  

40 

Biowaste W a t e r  
Content 
(1b /day) 

0.54120 

0. 08778 

0.68010;: 

Q .  10560 

0.63220 

0.10240* 

I I ‘KUsed in  Table 3. 6 

o r  Sabatier subassemblies  a r e  at p r e s s u r e  lower than the cabin. 
zeolite bed and the l ine leading to the ‘compressor  a r e  at 1 ps i a .  
therefore ,  i s  a candidate for leakage. 
lent to the cabin par t ia l  p re s su res ,more  than 10 pounds per  day could resul t .  
This l a rge  leakage ra te  of N2 would be considered a failure and repaired.  
Consequently, for purposes of the biowaste model,  that  N2 predicted f rom 
adsorption in the zeolite should “bound” the N2 variation. 

The 
The l ine,  

If N2 leaked into the sys tem equiva- 

The 0 2  in  the biowaste supply will va ry  f r o m  approximately 0. 005 to 
0 .10 pound per  day, based on Reference 14. F o r  safety reasons,  the 
quantity of O2 in the Sabatier inlet will be l imited by application of f i l t e rs .  

Fu r the r  study mus t  be made of the t r ace  contaminants to define 
meaningful variations.  
exis t  as a resu l t  of fa i lures .  
appendix. 

Temporary  l a r g e r  quantities of contaminants may 
Typical contaminants a r e  l is ted in  the 

C 0 2  Dump to Space 

The C 0 2  management assembly  contains two molecular s ieves  and 
associated plumbing and ducting to provide operation of e i ther  molecular  
sieve with a single Sabatier reac tor  and electrolysis  unit. 
12-man crews ,  only one molecular sieve is operating. The nonoperating 
sieve becomes installed redundancy required by the cr i t ical i ty  of the C02  
removal function. F o r  crews g rea t e r  than 12 during c rew exchange, both 

F o r  normal  
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molecular sieves a r e  operated. One unit operates  i n  a normal  mode sending 
C02 to the Sabatier r eac to r ;  the other operates  in a normal  mode where C02 
i s  dumped to space. 
function fo r  the shor t  t ime  required t o  implement maintenance does not 
constitute a cr i t ical  situation. These two conditions, crew overlap (greater  
than 12 men) or maintenance of the Sabatier r eac to r ,  resu l t  i n  C02  being 
vented to  space. 

A single Sabatier i s  incorporated because loss  of i t s  

Crew overlap normally occurs  when the space station c rew i s  rotated. 
Some overlap might'  a l so  resul t  f r o m  special  cargo  handling requirements  
during resupply. Since the la t te r  ca se  should r a re ly  occur,  i t  will  not be 
considered fur ther .  Reference 5 s ta tes :  

"Because of unknown medical  problems associated with 
long-duration space missions,  i t  i s  impossible to predict ,  with 
any degree of assurance ,  an acceptable c rew stay time a t  an 
earth-orbit ing space station . . . . 

"Overlap t ime in orbit required for  replacement of flight 
c rews  should be minimized b y  simulation, training, mission 
planning, and station-to-ground and A LS communication. F o r  
the nominal ca se ,  crew overlap'will  consis t  of l e s s  than one 
work shift, with the capability of special  operations or contin- 
gencies allowing on the o rde r  of five days. 'I 

Reference 5 a l so  s ta tes  that the c rew duty tour could va ry  f rom two 
to s ix  months. F o r  ECLSS design purposes ,  Reference 1 ,  Volume 11, calls 
for the following: 

"Crew exchange will  require  support of up to 24 (12 nominal 
plus 12 exchange) total c rewmen for per iods up to five days. 
Frequency of exchange can occur a s  often a s  every  6 0  days. ' '  

F o r  the ECLSS design case ,  135 pounds of C02 could be dumped every 
60 days,  a n  average of 2. 25 pounds p e r  day, 
however, and a m o r e  nominal value would be  for  eight hours (9 pounds C02)  
each 90 days or an average of 0 . 1  pound per  day lost. 

This i s  a n  ex t reme value, 

Est imated maintenance t imes  a r e  a lso given in Reference 5. Scheduled 
maintenance of the Sabatier subassembly occurs  every 30 days fo r  1 .6  hours.  
Unscheduled maintenance time i s  predicted to be one hour pe r  month 
average. At 2 .6  hours  per  month, a negligible quantity of C02  would be 
lost to space. 
smal l  quantity with no loss  of CO2. 

It i s  possible that the C02 accumulator might re ta in  this 
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Potable Water 

A s  suggested ea r l i e r ,  excess  water  that might be utilized for 
r e  sistojet  propellant could resu l t  f r o m  tolerances and/or  conservat ism 
in cer ta in  assumptions made during the Phase B preliminary design o,f the 
water  management assembly. 
the station water  balance: 

The following considerations might influence 

1. Water reclamation efficiency 

2. Water use  requirements  

3. Crew metabolic production 

4. Water in  the food supply 

5. Sabatier condenser charac te r i s t ics  

Reclamation Efficiency 

The vapor compression efficiency i s  defined a s  the r a t io  of the water  
flow ra te  leaving the vapor compression subassembly t o  the water  flow ra te  
entering. 
97. 5 percent was assumed,  which resu l t s  i n  a water  loss  of 5. 3 pounds per  
day. However, Hamilton Standard repor t s  a baseline vapor compression 
efficiency of 98 percent ,  which would resu l t  in  a 2-percent water loss  in 
the solids dryer  or 

F o r  the m a s s  balance shown i n  F igure  3-19, an efficiency of 

213.5 x 0 . 0 2  = 4. 3 pounds per  day 

This resu l t s  i n  a sys t em water excess  of 1 pound per  day (assuming the 
sys t em balanced with a n  efficiency of 97. 5 percent). 
the vapor  compression process  ra te  will a l so  affect the quantity of waste 
water  lost  in  the solids dryer .  

Note that a change in 

Water Use Requirements 

A change i n  the water  use requirements  affects the sys tem excess  
Potential  changes i n  the station water  use requirements  include: water .  

1. More o r  l e s s  water  t o  e lectrolysis  f o r  oxygen supply 

2. Reduction in  the shower frequency 

3. Reduction in the ur ine flush requirements  
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4. Elimination of experiments water  recovery  

5. Reduction in the galley latent production 

Water e lectrolysis  i s  used a s  the p r imary  station oxygen supply 
Cryogenic oxygen f r o m  RCS storage tanks i s  used a s  an  concept. 

emergency supply source  and for  module repressurizat ion.  
indicated i n  the m a s s  balance of F igure  3-19, which shows 0 .4  pound per 
day of cryogenic 0 2  supply for  a i r lock repressurizat ion.  In the Phase C 
design stage,  a probable change to the sys tem would be to supply this 
oxygen by water  e lectrolysis ,  which would decrease the water  sys tem 
excess  by 0.45 pound pe r  day. However, the major  variation in  water  
required for  0 2  production (other than crew size)  will be the cabin leakage 
rate .  The cabin leakage assumed for Phase B station design i s  20 pounds 
per  day a t  15 psia. If the actual leakage is  l e s s ,  o r  decreases  with flight 
t ime (a probable situation since par t ic les  in  the cabin atmosphere will tend 
to plug smal l  holes),  there  will be excess  water  available, a s  indicated i n  
Figure 3-33. 

This i s  

Reduction in  the shower frequency f r o m  seven showers per  man-week 
to two showers pe r  man-week would r\educe the wash water  requirement  
f r o m  248 t o  106 pounds pe r  day. 
however, there  would be no change in the excess  water ,  since the br ine  
delivered f rom the reverse-osmosis  unit to the vapor compression unit 
remains the same.  
humidity condensate water  to the wash  water  sys t em i s  fixed (function of 
crew s ize) ,  and the sys t em does not provide for  a buildup of water. 
sequently, changes in wash water  use requirements  do not change the sys tem 
exce s s  water.  

Because of the sys tem configuration, 

This i s  because the supply of Sabatier water and 

Con- 

The system excess  water is affected by changes i n  the potable water  
The ur ine flush water  requirements  of 3. 5 pounds per  use requirements .  

man-day i s  conservative and probably could be reduced to  1 o r  0 . 5  pound 
per  man-day. 
the vapor compression process  r a t e  would reduce by 36 pounds per day, 
yielding an additional water  excess  of 0. 7 pound p e r  day. 

If the ur ine flush requirements  were  0.5 pound p e r  man-day, 

If station experiments  a r e  operating i n  a mode which does not require  
water  (such a s  may  exist  during some periods for weeks o r  months),  the 
vapor  compression process  ra te  would decrease  35 pounds pe r  day. This  
would provide an additional 0. 7 pound of excess  water  pe r  day. 
of the food preparation water evaporation (4. 5 pounds pe r  day) would resu l t  
in a negligible inc rease  of 0. 1 pound per day i n  excess  water .  

Elimination 
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Figure  3 - 3 3 .  Water Excess  Versus  Cabin Leakage 

Crew Metabolic Model 

The crew metabolic water  production for  design was selected a s  
0. 78 pound pe r  man-day. 
0. 66 pound pe r  man-day minimum to 0. 95 pound per man-day maximum. 
The sys tem water  excess  for 0. 66 pound pe r  man-day metabolic water  is  
-1 .4  pounds per  day. At 0. 95 pound per man-day, t he re  would be an 
inc rease  of 2 pounds per  day i n  the excess  water.  

Realist ic variations i n  this design ra te  a r e  

An inc rease  i n  the ur ine production should resul t  in a corresponding 
decrease  i n  the latent water production for  a ze ro  net water  production 
change. 

Food Supply Water 

The station food system incorporates  the normal  dried foods, f rozen 
foods, and canned foods (thermostabil ized),  The frozen and canned foods 
contain a relatively large quantity of water  and a r e  supplied t o  the station 
independently of water  balance considerations. 
0. 96 pound of water per  man-day in the wet-pack foods. 
were  changed to increase  the quantity of wet-pack foods in the diet, o r  if 

Cur ren t  design is  based on 
If the food mix 
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water  in the wet pack food were  increased ,  the station water  excess  would 
increase .  The station food supply charac te r i s t ics  a r e  a s  follows: 

Pounds per Man-Day 

1. 04 Dried foods 

1.44 Water added to dried foods 
f r o m  water  management sys tem 

0. 64 Dry portion of wet-pack foods 

0. 96 Water portion of wet-pack 
foods (60 percent) 

The potential variation of water  in wet-pack foods was investigated. 
Water i n  thermostabil ized, f rozen,  and f r e sh  food va r i e s  f r o m  6 0  to  
85 percent ,  according to  References 15 and 16. Assuming 75-percent 
water  by weight, 0. 64 pound pe r  man-day o r  wet-pack foods (d ry  par t )  
would contain 1. 92 pounds per  man-day of water .  
additional water excess  of 11. 5 pounds p e r  day. 
food quantity might be reduced to 1 . 5  pounds pe r  man-day (dry plus water ) ,  
corresponding approximately to a TV dinner. 
by weight, the composition would be 1.12 pounds per man-day water  and 
0. 38 pound per  man-day dry  food portion. 
excess  of 1 . 9  pounds per  day. 
dependence of the water  balance on the food composition. 

This would resu l t  i n  an  
However, the wet-pack 

Assuming 75-percent water  

This resu l t s  in a water 
The t w o  cases  described indicate the strong 

Sa b a ti e r C ond e n s e r 

As described in the ea r l i e r  section on biowaste design models,  the 
water  vapor dumped with the biowaste gases  f r o m  the Sabatier condenser is  
a function of the condenser temperature ,  p re s su re ,  and gas  composition. 
The water  balance a s sumes  no water  loss  f r o m  this source.  

Waste Water Availability 

Station waste water  scheduled f o r  overboard dump o r  r e tu rn  to ea r th  
could be considered a s  an al ternate  source of additional biowaste propellant. 
However, additional hardware would be required to rec la im this water .  
Station waste water  sources  include the fecal collection tank, t r a s h  d rye r ,  
and water  management assembly lo s s  (solids d rye r ) .  
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The feces a r e  collected in  a tank and d r i e d  by exposure to space 
vacuum. 
of which i s  vented t o  space. 
source of biowaste propellant. 

The feces  contain 0.25 pound of water  pe r  man-day, 90  percent  
This contaminated water  vapor is  a potential 

The station incorporates  two t r a sh  drying chambers ,  sized to 
accommodate 30 pounds of t r a s h  p e r  day. 
approximately eight hours  each crew night to evaporate a l l  water  and 
s te r i l i ze  the waste.  
day. 
water  lost  f r o m  the water management assembly  because of the efficiency 
of the vapor compression subassembly can be a s  much a s  5 .3  pounds per day 
at an efficiency of 97. 5 percent.  
d rye r  along with the liquor f r o m  the vapor compression still. 
d rye r  car t r idge is  replaced approximately once a week. 

Waste i s  heated to  250 F for  

Wet food waste  will include 2. 5 pounds of water  pe r  
Other wet t r a s h  will nominally include 1 pound of water  per  day. The 

This water  i s  accumulated in  the solids 
The solids 

The waste water  sources  described could provide more  than 10 pounds 
of water  p e r  day for res is tojet  propellant. However, recovery  of this 
water  would requi re  the design and development of additional hardware.  
Both the fecal water  and t r a s h  water  a r e  vented to  vacuum to facilitate 
vaporization a t  reasonable temperature .  Recovery of this water  would 
require  a low-pressure  condenser-collector o r  a change i n  the present  
design. The solids dryer  water  would require ,  i n  addition, a method of 
boiling the water  f r o m  the solids dryer  car t r idge.  
to determine the feasibility of recovering the waste  water a r e  not within 
the scope of this study. 

The tradeoffs required 

ExDe r iment  Waste Fluids  

The experiment / fun cti ona 1 program elements  (FPE) p r  ovi de anothe r 

Three factors  must be considered in determining the 
possible source of waste  fluids that might be utilized a s  propellants for  a 
res i s to je t  thruster .  
feasibility of utilizing these fluids: 

1. The FPE must  be integral  to the space station o r  b e  i n  an  
attached module. 

2 .  The experiment  must  be of sufficient duration and have a 
sufficient quantity of usable consumables to justify the added 
complexity of recovering these consumables. 

3. The fluids must  be compatible with the resis tojet  assembly. 
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The Space Station Phase B definition documentation (Reference 17 and 
18) was reviewed to determine the FPE's that meet  these c r i te r ia .  
following F P E ' s  a r e  possible candidates for  res is tojet  integration: 

The 

1. F P E  5. 1 /5 .5 ,  X-Ray and Gamma Ray Stellar Survey. The.X-ray 
( F P E  5. 1/5.5A) and gamma ray  ( F P E  5.5B) s te l la r  survey 
experiments a r e  accorwnodated in  a n  attached module and a r e  
scheduled fo r  a five-year period beginning in the second year  of 
station operation. The X-ray surveys a r e  conducted in  the f i r s t  
two and one-half yea r s  and require  75 pounds pe r  month of 
liquid neon and 100 pounds p e r  month of liquid hydrogen. During 
the second two and one-half years ,  the gamma ray survey requi res  
100 pounds pe r  month of liquid nitrogen .and 40 pounds pe r  month 
of gaseous argon. 

2 .  F P E  5. 9, Small Vertebrates.  The small ver tebra tes  experiment 
i s  accommodated i n  an attached module for a two-year period 
beginning in  the second year .  F o r  the f i r s t  three months, there 
i s  a requirement  f o r  235 pounds of a tmosphere supply and 
1235 pounds of water supply. Subsequent support will requi re  
10 percent  of these initial r,equirements. Generally, the atmos-  
phere  and water for the experiments a r e  recovered and recycled 
by the station ECLSS. However, there  a r e  indications that the 
above quantities a r e  expendables. 

3. FPE 5. 15, Life Support and Protective Systems. The l ife support 
and protective sys tem (LS/PS) F P E  consists of a number of sub- 
experiments,  a l l  integral  to the space station. Although the 
scheduling of these subexperiments is  not c lear ,  i t  appears  there  
a r e  two 90-day periods i n  the f i r s t  two yea r s  which requi re  
85 pounds p e r  month of a n  unidentified gas for  calibration 
purpo s es. 

4. F P E  5. 22 ,  Component Tes t  and Sensor Calibration. This F P E  
i s  a l so  integral  to the station and consis ts  of a number of sub- 
experiments.  One of these tes ts  i s  for  advanced fuel cells  and 
batteries.  Again, the scheduling of the subexperiment is not 
definite but would appear to be  a six-month period in  the first  
two years .  During this six-month period, 825 pounds pe r  month 
of cryogens (mostly LHz-LO2) will be  used. It i s  presumed that 
the resultant water would be excess  to the station water manage- 
ment assembly. 
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The remaining F P E ' s  a r e  either i n  detached modules o r  have insuf- 
ficient consumables to be of value. 

The Space Station Phase  B definition study defined only one experiment 
module (FPE 5.1 1 , Ear th  Surveys) to the prel iminary design level.  
fluids descr ibed,  therefore ,  should be considered as indicative only of the 
fluids and quantities that might be available to the resis tojet  assembly for 
propellant utilization. 
interface p re s su res  , t empera tures ,  etc.  , at which these fluids could be 
made available.  
practicali ty of recovering these waste fluids or to propose a model for  
res i s to je t  development testing. 

The 

There is no definition presently available of the 

F o r  this reason ,  it i s  not possible to establish the 

The water required for experiment purposes i s  supplied i n  most  
instances by the station ECLSS. 
35 pounds of potable water pe r  day for  experiment purposes is provided by 
the potable water recovery subassembly. 
res t r ic t ive  purity requirement i s  to be considered an  expendable i t e m  and 
handled as  a logistics supply mater ia l .  
accommodated by the station distillation reclamation assembly because of 
unusual chemicals o r  contaminants will be considered a waste product. 

The capability to provide and rec la im 

Experiment water with a m o r e  

Experiment water which cannot be 

Experiment water contaminant content is presently undefined. 
assumed for  the Phase  B study that the contaminants would be compatible 
and removable with urine-processing- type equipment. Therefore,  the 
majori ty  of the experiment water requirement is  satisfied by the ECLSS 
potable water supply and i s  reclaimable by the vapor compression disti l la-  
tion units. A possible exception i s  FPE 5. 9, the small  ver tebrate  experi-  
ment,  which might provide a significant quantity of waste water.  
instances may exist, but they a r e  probably isolated cases  which would 
produce relatively smal l  quantities of waste water. 
cannot be drawn until the experiments a r e  defined in  detail.  

It was 

Other 

Definite conclusions 
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RESISTOJET ASSEMBLY 

The Space Station Phase B Definition Study of a 33-foot space station 
conducted by North American Rockwell Corporation under Contract NAS9- 
9953, did not resu l t  i n  the selection of a biowaste res is tojet  sys tem a s  a 
p r imary  space station subsystem. 
be flight qualified on the space station for use  on the space base.  
of fac tors  could change this decision. 
a r e  st i l l  under study a t  NR which could include the. biowaste res is tojet  con- 
cept. 
that the biowaste res is tojet  sys tem development program being planned at 
the NASA Langley Research  Center be sufficiently flexible to  encompass a l l  
possibil i t ies.  

It was suggested that such a sys tem could 

Indeed, severa l  space station concepts 
A number 

Since the space station design i s  st i l l  in a state of flux, i t  i s  desirable  

The NR s o l a r - a r r a y  battery-powered space station represents  one of 
the many variations that might be encountered. In par t icular ,  the ECLSS 
C02 management assembly recovers  essentially a l l  of the metabolic C02 
produced by the crew because of the availability of extra  hydrogen to the 
Sabatier reac tor  f r o m  the O2/H2 medium thrust  RCS. 
descr ibes  the design and operation of a biowaste res is tojet  system for this 
station concept. 

This section 

RE SIS T 0 JET PERFORMANCE 

The resis tojet  thruster  concept i s  quite simple and i s  exemplified by 
the Marquardt Corporation design presented in  Reference 19. 
drawing of this res is tojet  th rus te r  i s  shown i n  Figure 3-34. 
c onsis ts  basically of two functional par ts :  

A conceptual 
The thrus te r  

1. Anelectr ic-gas  heat  exchanger 

2. A nozzle for  accelerating the resultant high-temperature gas  to 
produce thrust  

The e lec t r ica l  flow i s  through the outer ca se ,  case  end, inner heating 
elements, and nozzle. A st rut  connector provides an  electr ical  connection 
between the two main heating elements ,  while concurrently allowing gas to 
flow through the thrus te r .  Approximately 85 percent of the ohmic heating 
takes place in the inner heating element.  The gas  flows between the inner 
and outer case,  intercepting the radial- thermal  flow and carrying much of 
the heat back toward the center  of the device. The gas  then passes  through 
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PRO PE LLAM T 

K U U M  JACKET 

RADlATlO 
SHIELDS 

BELLOWS (PERMITS AXIAL 
THERMAL EXPANSION 1 HEATER ELEMENTS I 

STRUT CONNECTOR J 

NOTE: RADIAL SCALE EXAGGERATED 

Figure  3-  34. Typical Resistojet  Thrus te r  

the annulus between the inner and outer heating elements where a significant 
amount of gas heating takes place. 
tube where  the gas ve ry  closely approaches the heating element wall t emper-  
ature.  

The final gas  pass  i s  down the center  

The gas i s  then exhausted through the nozzle. 

Biowaste Gas Propellants 

Initial performance calculations for the study were  based on the base -  
line biowaste d ry  gas composition given in Table 3-5  (without water  vapor).  
Performance maps  for  design thrus t  levels of 0. 10 and 0.05 pounds a r e  
presented in F igures  3-35  and 3-36, respectively. 

The predicted resis tojet  performance i s  based on projected delivered 

The value of these two pa rame te r s  as a func- 
specific impulse compared to  ideal f rozen flow specific impulse and the 
throat  discharge coefficient. 
tion of Reynolds number is  shown in  F igure  3-37. 
were  abtained f r o m  References 20 and 21  for  Reynolds numbers  l e s s  than 
104.and f rom Reference 22 for  Reynolds numbers  between 104 and l o 5 *  

The data for  these curves  
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Gas mixtures  containing methane a r e  l imited i n  temperature  due to 
decomposition of methane to  f o r m  carbon. 
reduces the thrus te r  life and a l so  r e su l t s  in  lo s s  of performance. 
study a design upper l imit  of 2000 R (gas temperature)  was assumed for  
methane mixtures .  
A conservative value would be 1700 R. 
be seen that 1700 R resu l t s  in  a 10-percent loss  in  specific impulse. 

Carbon deposition in the thrus te r  
F o r  this  

Data in  Reference 23 indicate that this may  be optimistic. 
F r o m  Figures  3-35 and 3-36, i t  can  

The specific impulse for the range of biowaste gas  mixtures given in 
A summary  of the impulse available f r o m  Table 3-6 was a l s o '  predicted. 

the var ious biowaste gas compositions is  given in Table 3-8. 

The nominal composition of Table 3-6 i s  coqsidered the best  es t imate  
for the Sabatier effluent gases  under normal  c i rcumstances.  Therefore ,  the 
use of an impulse of 2600 lb-sec /day  (baseline a t  2000 R )  in this study i s ,  i f  
anything , c onse rvative. 

Water -Vapor Propellant 

Fo r  waste  propellants other than methane compositions, Reference 2 3  

The temperature  l imit  in this instance i s  a function of th rus te r  
indicates that a gas  temperature  of approximately 2700 R i s  a reasonable 
upper l imit .  
mater ia l  compatibility with the oxidizing propellants (H20, C02,  etc.  ) at 
high tempera tures .  

Table 3-8. Impulse F r o m  Biowaste Compositions 

Compo sition 

Baseline (Table 3 -5)  

Nominal (Table 3 -6 )  

Minimum (Table 3 -6 ) 

Maximum (Table 3 -6 )  

Quantity 
(Ib/day) 

10. 1 
10. 1 

11.5 
11. 5 

16. 8 
16. 8 

11. 1 
11. 1 

Gas 
Temperature  

(R 1 

2000 
1700 

2000 
1700 

2000 
1700 

2000 
1700 

Sp e c i  f i c :b 
Impul s e 

( lb-sec/ lb)  

263  
23 8 

254 
230 

232 
21 0 

274 
24 8 

Total 
Impul s e 

(lb - s ec / day) 

2660 
2400 

2 920 
2 640 

3 900 
3530 

3 040 
2750 

:bo. 1-lb thrus te r  
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There is some indication that the addition of a significant quantity of 
water  vapor to a methane composition will inhibit the methane decomposition 
and allow a higher tempera ture  l imi t  for methane (greater  than 2000 R). 
This theory will be  tested by the Marquardt Company under contract  to the 
NASA Langley Research  Center,  Contract NAS1-9470, "Technology Develop- 
ment of a Biowaste Resistojet .  ' '  The resu l t s  of this tes t  a r e  not available a t  
this t ime,  however, and for  this study i t  will be assumed that the water  
vapors will be used independently of the biowaste gases ,  unless  stated 
otherwise. 

Since the quantity of excess water  available to  the space station 
res i s to je t  i s  in  question, i t  is  assumed that the resis tojet  t h rus t e r  would be 
optimized for  operation with the biowaste gases .  Using the thrus te r  design 
of F igure  3-35, the specific impulse of water  vapor a t  2700 R i s  predicted to 
be 242 lb-sec / lb .  
vapor and the methane/hydrogen compositions, the thrust  obtained a t  a 
chamber p re s su re  of 30 psia with water  vapor would be  0 .  094 pounds. 
obtain 0. 1-lb thrust  the water-vapor chamber-pressure  would have t o  be  
increased to 31. 8 psia. 
an impulse of 2420 lb-sec /day  could be obtained f r o m  the water ,  or a total 
of 5000 lb-sec/day including the biowaste gases.  

Due to  the difference in gas  propert ies  between water  

To 

If 10 lb/day of excess  water  could be made available 

ELECTRICAL POWER CONSIDERATIONS 

The electr ical  power subsystem (EPS), defined for the space station in  
Volume I1 of Reference 1, i s  comprised of solar  a r r a y s  for supplying power 
requirements  during the light orbital  periods and nickel-cadmium bat te r ies  
for the eclipse power. 
divided into four identical panels permitting channelization of the e lec t r ica l  
power subsystem. A functional block d iagram of a single channel is  shown 
in Figure 3-38. Each  panel has  a beginning of life (BOL) rating of 22.8 kw 
and consis ts  of a 2500 ft2 roll-up a r r a y  unit mounted on the boom of the 
space station. 
*112 vdc. 
in the vicinity of the panel. 
a regulated 416 volt, 3-phase ac power pr ior  to t ransmission through feeders  
to a p r imary  bus located in the torus  a rea .  
fo rmer ,  located a t  the secondary bus,  provides transformation of double 
voltage to standard voltage. 
supplies low-voltage ac to a rect i f ier-f i l ter  unit, which, in turn,  furnishes 
56 volts dc to  the dc bus. 
load-circuit  protection equipment (solid-state c i rcui t  b reake r s )  necessary  
to per form,  under the command of the ISS, the control and distribution of 
e lec t r ica l  power to  selected loads in  the adjacent a r eas .  

The solar a r r a y ,  with 10 ,000  ft2 of total a r e a ,  is 

When deployed, the panel has a nominal th ree-wire  output of 
The *l12 vdc output i s  connected to an  inverter-regulator  located 

The inverter-regulator  converts the dc power to 

A 10-kva step-down autotrans-  

A t e r t i a ry  winding of the autotransformer 

The secondary bus contains the multiplexing and 
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Nickel-cadmium bat te r ies  provide 300 amp-hr  capacity pe r  power 
channel t o  supply the space station power during the eclipse periods. The 
bat tery output i s  connected to an adjacent inverter-regulator  that converts 
the dc voltage t o  regulated 416-volt, 3-phase ac  power and this powers the 
pr imary  bus. 
bat tery charger  receiving i t s  power f r o m  the p r imary  bus during light 
orbital  periods.  

Bat tery recharging is accomplished by a computer-controlled 

The subsystem e lec t r ica l  power load for  routine zero-g operation, 
defined by  Reference 24, is 25 kw, averaged over a 24-hour period. F o r  the 
minimum l ight /dark rat io  (sun line i n  the orbit plane) the s o l a r - a r r a y  power 
output must  be 66 kw to provide the average 25-kw subsystem requirement.  
The power generated by the solar  a r r a y  i s  a function of time. An estimate 
of the degradation of power generated i s  given i n  Figure 3-39. Combined 
with the 66-kw requirement,  the power-available curve indicates a useful 
life of approximately 3. 7 years .  

It i s  m o r e  efficient to utilize e lec t r ica l  power directly f r o m  the so l a r  
a r r a y s ,  r a the r  than the bat ter ies .  Therefore ,  subsystem loads which can 
be scheduled on a periodic basis  a r e  scheduled for the light period. 
tion of the EPS during one orbit i s  typified in  bargraph A of Figure 3-40. 
The design orbi t  period i s  1. 559 hours  with a dark/l ight ra t io  of 0. 592/0.967 
(sun line in the orbit plane). Area 1 represents  continuous subsystem power 
loads, a r e a  2 r ep resen t s  continuous plus periodic subsystem loads,  and 
a r e a  3 is  the energy required to charge the ba t te r ies  to meet  the eclipse 
period requirement  of a r e a  1. The rat io  of a r e a  3 to a r e a  1 i s  approxi- 
mately 1.40. 

Opera- 

The resis tojet  subsystem e lec t r ica l  power requirement consis ts  
pr imari ly  of a near-continuous requirement  for compresso r s  ( a reas  4 and 5 
of bargraph  B) and a periodic requirement  fo r  res is tojet  operation ( a rea  6) .  
The addition of the r e  sistojet  subsystem therefore  requi res  an additional 
energy input during the light period. This additional energy is represented 
by a r e a  8 in bargraph B of Figure 3-40 and i s  equal to 

Area 8 = Area 4 t Area 6 t 1 . 4 ~  Area 5 (3. 2)  

Assuming that (1) the power l o s s  f r o m  the p r imary  bus to  the subsystems 
i s  2 2  percent ,  (2) the power loss  in  the resis tojet  conditioning and heater  
components i s  5 percent ,  ( 3 )  the theoretical  thrust  to power ra t io  of the 
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res i s to je t  is 0.185 lb/kw, (4) the compressor  power required is 0.1 kw, and 
(5) the total  impulse capability of the resis tojet  subsystem is 2600 lb-sec /day  
(biowaste gases  only), the impact  of the res i s to je t  subsystem on the EPS can  
be approximated. 

Area  4 = (0 '9672 = 0.124 kwh/orbit 
0.78 

O 0  (0e592)  = 0.076 kwh/orbit  Area  5 = 0.78 

= 0.342 kwh/orbit  (2600)( 1.559) 
24(0.185)(3600)(0.95)(0.78) 

Area  6 = 

(3-3) 

( 3 -4) 

Area  8 = 0.124 t 0.342 t 0.076(1.40) = 0.572 kwh/orbit  (3-6) 

Akw =-- 0'572 - 0.592 kw (3-7) 
0.967 

There  is additional l o s s  of 17 percent f r o m  the so la r  array to the p r imary  
bus. Therefore ,  the so l a r - a r r ay  power-requirement increase is 0.72 kw. 
This  increase  in power would requi re  an insignificant change, if any, to 
EPS components. 
is  -0.19 years /kw a t  66 kw. The decrease  in solar-array life due to the 
additional 0.72 kw is 0.14 years  o r  approximately 4 percent. 

F r o m  Figure  3-39, the slope of the solar-array life curve  

If 10 lbs /day  of water  were  made available to the resis tojet  in addition 
to the biowaste gases ,  a total  impulse of 5000 lb-sec /day  could be obtained, 
This  would resul t  in  a delta so l a r - a r r ay  output of 1.5 kw and a decrease  in  
s o l a r - a r r a y  life of 0.28 years .  

The  above is a simplified analysis to approximate the impact of a bio- 
waste  res i s to je t  subsystem on the so l a r - a r r ay  e lec t r ica l  power subsystem 
defined in  Reference 1 e 

f o r  the following reasons:  
The impact  indicated is considered conservative 

1. The resis tojet  impulse requirement  m a y  be significantly l e s s  than 
2600 lb-sec/day at the so la r -a r ray  end of life depending on the 
launch date ,  orbi ta l  altitude, so la r  f l a r e  activity, and actual so l a r -  
array replacement cycle. 
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2 .  The sun l ine is in the orb i t  plane on a periodic bas i s ,  so that the 
l ight-to-dark ratio is usually l a r g e r  than the design point. 
ba t te r ies ,  therefore ,  can discharge somewhat during the shor t  
l ight /dark ratio period and utilize the longer light periods to 
recharge without any inc rease  in the power required.  

The 

If the thrusting is to be done in sunlight only, i t  is desirable  that the 
orbit-maintenance thrusting be accomplished in  equal impulse periods at  
d iamet r ic  positions in the orbit. 
ra t io ,  the maximum thrusting t ime per  orbi t  and the total thrust  required a s  
a function of total  impulse pe r  day a r e  shown in Figure 3 - 4 1 .  
total  th rus t  of 0.27 pounds is required to provide 5000 lb-sec/day. 
actuali ty,  this would probably be accomplished with three  0.1 -pound 
thrus te rs .  
would be operating with water vapor,  
jet operation, therefore ,  would be approximately 3 kw. 
maximum additional power that could be accommodated with the existing 
sys tem without a ser ious EPS  impact.  
high-density years  would require  some operation on the da rk  side of the 
orb i t ,  o r  res is tojet  operation a t  lower temperature  with l o s s  in specific 
impulse.  

With this c r i te r ion  and the worst  l ight /dark 

A maximum 
In 

I t  is probable that under some circumstances all three th rus t e r s  
The maximum peak power fo r  r e s i s to -  

This  is about t he '  

Use of supplemental propellant in  

RESISTOJET OPERATIONAL MODES 

The res i s to je t  t h rus t e r s  may be operated in  various ways to provide 
the total  impulse required a t  a par t icular  time. Both the gas  p re s su re  and 
tempera ture  may be var ied together,  independently, o r  held constant. The 
biowaste gases  and the excess  water  may be combined o r  used separately.  
Unless stated otherwise,  i t  will be assumed that f o r  the remainder  of the 
study only one propellant composition is used a t  a t ime,  

F o r  a perfect gas with isentropic inviscid flow, the thrus t  va r i e s  

Referring to F ig -  
l inear ly  with chamber p re s su re  and the specific impulse var ies  l inear ly  
with the square root of gas stagnation temperature .  
u r e s  3-35 and 3 - 3 6 ,  f o r  the ideal case  the constant p re s su re  l ines would be 
horizontal  s t ra ight  l ines;  the constant temperature  l ines  would be ver t ica l  
s t ra ight  l ines ;  and the specific impulse ve r sus  power/ thrust  ratio would be 
a single line (independent of p ressure) .  
performance shown in F igures  3 - 3 5  and 3 - 3 6  f rom the ideal a r e  the resu l t  of 
r e a l  gas effects and viscous flow, 
the thrus t  level o r  duty cycle. 
var iable  duty cycle to meet  the varying impulse requirements.  
operating t imes  o r  fixed duty cycles a r e  des i red ,  variable p re s su re  opera-  
tion must  be supplied. Because of the r e a l  gas  and viscous effects, i t  is also 
necessary  to have a variable p re s su re  capability if a fixed thrus t  is required 
with a var iable  gas temperature .  
and control subsystem. 

The deviations of the predicted 

P r e s s u r e ,  therefore ,  p r imar i ly  controls 
Constant p re s su re  operation requi res  a 

If specific 

This  could be desirable  fo r  the guidance 
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Since tempera ture  pr imar i ly  controls the specific impulse,  a constant 
tempera ture  resu l t s  in a l inear  relationship between impulse produced and 
propellant used. During low-impulse (low atmospheric density) years, this 
resu l t s  in excess  waste fluids which must  be vented in a nonpropulsive 
manner.  By varying the temperature ,  the waste fluid availability can be 
matched to the impulse requirement (within the temperature  limits of the 
propellant compo sition). 

A summary  of the various combinations is given in Table 3-9. 
these options fall into two categories ,  e i ther  fixed thrust  o r  variable thrust .  
Option 2 is in the fixed-thrust category since thrust  is not an independent 
var iable  but is fixed fo r  a given temperature .  

All of 

F igure  3-42 defines the thrust  vector numbering, coordinate, and sign 
Since the resis tojet  assembly is not convention for  the following equations. 

a par t  of the N R  space station prel iminary design, the locations shown 
should only be considered indicative of the general  locations required. 
should also be noted that only those vectors  required f o r  the p r imary  X-POP 
orientation a r e  shown. The relative locations fo r  the center of gravity (c. g. ) 
and center of p re s su re  (cp)  a r e  representative of the combination of docked 
experiment and cargo modules presently anticipated in the space station 
study (Configuration H). 

I t  

Assuming the space station is in the X-POP orientation with the veloc- 
ity vector coincident with the Y axis, the impulse requirements a r e  Iy for  
orbi t  maintenance and M, fo r  CMG desaturation. 
a r e  periodic and will be considered only in the selection of thrust  vectors  to 
minimize the peak value of M,. 

Torques about the Z axis 

Defining the following pa rame te r s ,  

a = ( Z  t 199)/12 
g 

(3-8) 

b = (199 - Zg)/12 c3 -9) 

the general  equations for  CMG desaturation (M,) and orbi t  maintenance (Iy) 
a r e  

M = a (F t t F4t4 - F t - Fztz)  
X 3 3  1 1  

+ b (F5t5  t F 6 6  t - F7t7  - F 8 8  t ) 

I = F t t F4t4 - Fltl  - F t t F7t7  Y 3 3  2 2  

(3-10) 

(3-1 1) 
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where,  

t = t ime associated with the ith thrus t  vector i 

Fi = magnitude of the ith thrust  vector,  

Each thrust  vector m a y  be composed of one o r  more  thrus te rs .  
angular momentum (Mx) required f o r  CMG desaturation can be obtained 
f rom multiplying the impulse obtained f r o m  Figures  3-8, 3-9, 3-12, o r  
3-13 by the assumed moment arm of 16 feet ,  
impulse recpirement  can be obtained directly f r o m  Figures  3-6, 3-7, 3-10, 
o r  3-11, a s  applicable. 

The 

The orb i t  maintenance 

Fixed Thrus t  

F o r  the fixed-thrust  mode, assuming that all  of the thrust  vectors  a r e  
equal, Equations 3-10 and 3-11 can be rewri t ten as 

(3-12) 

1 Y = F [ ( t 3  t t4) t ( t7  t t8) 

To obtain maximum utilization of the waste gases  and/or  supplemental 
propellants,  i t  is necessary  to minimize the total  t ime (t t)  required to 
satisfy Equations 3 - 12 and 3 - 13 simultaneously. 

8 

t min = min t. 
1 i = l  t (3-14) 

Assuming f o r  the moment that the numerical  values of Mx and Iy a r e  
both positive, i t  can be seen that, to minimize t t ,  it  is necessary  that 

t l  = t2 2 0 (3-15) 

t3  2 0 (3-16) 

t 4  0 
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since t l  and t2 resu l t  in negative momentum in both Equation 3-12 and 3-14, 
and t3  and t4 resu l t  in positive momentum in both equations, However, i t  is 
not immediately c lear  when th rus t e r s  five and s ix  should be used ve r sus  
th rus t e r s  seven and eight. 

Since the rat io  of any two time periods within a parenthesis (for 
example t3/t4) only affects the torque about the Z-axis ,  the following s impli-  
fication of notation is made 

t = t i t t  
i j  j 

Since t56 and t78 tend to cancel one another in  Equation 3-12 and 3-13, 
there  a r e  two possible solutions to Equation 3-14.' 

Case 1 

t56 2 0 

t = o  
78 

M = at34 + bt56 
x 
F 

T 
I 

- -  
34 - t56 

Y - t  
F 

56 
Solving Equations 3-21 and 3-22 fo r  t and t 34 

M + b I  
X Y t =  

34 F ( a t b )  

M - a1 

56 F(a-t-b) 
X Y t =  

Case 2 

t = o  
56 

t78 2- 0 

(3-19) 

( 3 -20) 

(3-21) 

(3-22) 

(3-23) 

( 3 -24) 

(3-25) 

( 3  -26) 
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X 
M 

- bt78 34 
- -  - at F 

I 

F 78 
- Y = t34 t t 

(3-27) 

( 3  -28) 

78 
Solving Equations 3-27 and 3-28 for  t and t 34 

M t b I  

34 F( at  b) (3-29) Y X 
t =  

a1 - M 
X t = y  

78 F ( a t b )  (3-30) 

Since all values of t i  mus t  be 2 0,  inspection of Equation 3-24 and 3-30 give 

t > o  (3-31) 
56 

for  

M > a1 
X Y 

and 
t > o  
78 

(3 -32) 

(3-33) 

fo r  

M < a1 (3-34) 
X Y 

and 

t = t78 = 0 (3-35) 
56 

fo r  

M = a1 (3-36) 
X Y 

A similar solution can be obtained fo r  negative values of Iy and/or  M,, 
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Since the center  of gravity of the space station, along the X-axis is 
not generally equidistant f rom the paired-thrust  vectors  used above, the 
orbi t  maintenance and X-axis CMG desaturation RCS functions have an 
impact on the momentum about the Z axis. If the th rus t e r s  a r e  operated 
equally on opposite sides of the orb i t ,  as planned, the net momentum per  
orbi t  seen by the CMG's is ze ro ;  however, if only two thrus t  vectors  were  
used (i, e . ,  one vector per  set)  fo r  each thrusting period, the additional 
Z-axis momentum f o r  a single operating period could be a s  high as 
1730 f t - lb-sec fo r  an average RCS impulse capability of 2600 lb-sec/day.  
F o r  half an orb i t ,  1730 f t - lb-sec is probably acceptable. However, by 
selecting the proper ratio of operating t imes f o r  t h rus t e r s  within a se t ,  this 
Z-axis  momentum due to RCS operation could be made equal to zero f o r  
each thrusting period. 
calculation and this mode is recommended. 

The G&C computer has  the capability to make this 

The th rus t e r s  must  be sized to meet  the maximum impulse require"  
ment  in  a given unit of t ime. 
is 5000 lb-sec/day and the minimum operating t ime is 1310 seconds per  
orb i t  ( f rom Figure  3-41 a t  240 nautical mile&). 
3-10 it can be seen that this l a rge  an impulse i s  only required during the 
high-atmospheric density years .  During these years, the maximum CMG 
desaturation momentum (M,) is 28,000 f t - lb-sec/day.  
a = b = 16 feet ,  

Assume that the maximum impulse capability 

F r o m  Figures  3-6 through 

Assuming that 

a1 = 16 x 5000 = 80,000 f t - lb-sec/day (3-37) 
Y 

Again, assuming that Mx and Iy  a r e  both positive so that the previous 
analysis applies,  Equation 3-34 indicates that thrust  vectors  3, 4, 7, and/or  
8 may be used. Several  combinations of these vectors  a r e  possible. 
However, i t  is intuitive that the best mode of operation is to operate  
th rus t e r s  3 and 4 equally for  the total t ime available and operate  7 and 8 in  
a ratio to null the induced torque about the Z-axis.  
of the thrust  vector may be calculated f rom Equation 3-29 

The required magnitude 

(3-38) 

At 240 nautical mi l e s ,  there  a r e  15.45 orbi ts /day.  
vector magnitude then, i s  

The minimum thrust  

= 0.084 pound 28000 t 80000 
( 15 e 43)( 1 3 1 Of 1 3 10) ( 32) F =  (3-39)' 
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To allow some flexibility,a thrust  vector magnitude of 0. 1 pound is 
r e  commended e 

T h e  operating time per  orb i t  of thrusters 3 and 4 would be 

L 

= 1094 sec /orb i t  
28000 t 80000 

2( 1 5 a 43)( 0. 1 )( 32) 
- -  - L34 

2 
( 3  -40) 

o r  a duty cycle of 0.195. 
would be 

The combined operating t ime  of t h rus t e r s  7 and 8 

= 1053 sec /orb i t  
80000 - 28000 t =  

78 (15.43)(0. 1)(32) 

Since the sum of the operating t imes  of t h rus t e r s  7 and 8 i s  less than the 
individual t imes  of 3 and 4 ,  t h rus t e r s  7 and 8 can be operated a t  separate  
t imes  within the total operating period of i o 9 4  seconds. 
maximum of three  th rus t e r s  a r e  operating a t  one t ime. 

In this way, a 

The  above a s sumes  a single thruster per  thrust vector.  
option would be to provide two 0.05-lb th rus t e r s  per  thrust  vector.  
only disadvantage to this is an increased packaging volume (two 0.05-lb 
th rus t e r s  a r e  l a r g e r  than one 0.1-lb thrus te r )  and a ve ry  slight l o s s  in 
specific impulse (0.8 percent).  The advantage of dual t h rus t e r s  is that 
only one 0.05-lb thrus te r  per  thrust  vector is needed during low-atmospheric 
density years  o r  during periods of l a r g e r  l ight /dark rat ios  when the operating 
t ime per  orbi t  can be increased,  
reduces the peak e lec t r ica l  require- nt. During these periods i t  would 
also be possible to delay r epa i r  of a failed thrus te r  to a convenient t ime 
o r  until the second thrus te r  failed. 

A reasonable 
The 

Operating a single 0.05-lb thrus te r  

Variable Thrus t  

Variable thrust  operation provides the capability of matching the 
thrus t  to a specific operating t ime fo r  a given impulse requirement.  
with the dual t h rus t e r  concept discussed above,this could be used to reduce 
the peak e lec t r ic  power load in low-atmospheric density years o r  when 
l a r g e r  l ight /dark ra t ios  exist. However, the change would be a continuous 
r a the r  than a s tep change, 

As 

An analysis similar to that done fo r  the fixed-thrust  mode will resu l t  
in the s a m e  se t  of Equations (3-14 through 3-36) except that the subscr ipts  
will  be on thrust  rather than time. 
100-percent design thrust  is the same a s  given by Equation 3-39 
(0.084 pounds). 

The minimum thrust  required f o r  
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Variable Specific Impulse 

A s  discussed previously, the specific impulse of the res i s to je t  t h rus t e r  
can be varied by varying the gas  temperature .  
density years, the th rus t e r s  can be operated at lower temperatures .  
resu l t s  in lower peak e lec t r ic  power loads,  lower average power requi re -  
ments, and inc reases  the expected thrus te r  life. 

During low-atmospheric 
This  

A special  ca se  of variable specific impulse in conjunction with var iable  
thrus t  is the continuous operational mode. The total thrust  level  required f o r  
continuous operations is much lower,  e. g. ,  5000 lb-sec /day  impulse is 
equivalent to 0.058 lbs  continuous thrusting. This would be divided among 
three  th rus t e r s  as before ,  so that the design 100-percent thrust  level  would 
be approximately 20 m l b  (10  m l b  i f  dual t h rus t e r s  a r e  desired) .  

In addition to power savings and increased  thrus te r  l i fe ,  the continuous 
mode of operation would delete o r  significantly reduce the accumulator and 
compresso r  requirements .  The problem of water  -vapor condensation d is  - 
cussed in a l a t e r  section would no longer be of concerno The  major  problem 
encountered is the design and control of the sys tem to allow introduction 
of excess  water  and/or  supplemental propellants into the continuous Sabatier 
effluent without affecting the back pre 'ssure of the Sabatier subsystem, 

BIOWASTE GAS ACCUMULATOR 

The p r imary  function of the C02 accumulator in the COz management 
assembly  is to provide a continuous supply of CO2 to the Sabatier reac tor  
while the molecular  sieve is operating in an on-off mode on the l ight-dark 
s ide,  respectively,  of the orbit. The f lowrate ,  however, is not a constant 
value and will va ry  with the metabolic production of CO2 similar to the r a t e s  
given in F igure  3-27. Methane is then available in a t imeline similar to 
F igu res  3-29 and 3-30. 
ratio of 0.246 pound of H2 per  9.818 pounds of CH4. The re  may also be 
some water  vapor present  but f o r  simplicity in prel iminary sizing of the 
biowaste gas  accumulator,  the water  vapor is ignored. 

Hydrogen i s  also included with the methane in the 

F igure  3-43 shows the timeline of the amount of gas in an accumulator 
initially containing Wo l b  with a flowrate in corresponding to  Figure 3-29 
(plus hydrogen) and a flowrate out corresponding to the daily average usage 
(10 lb /day) .  Since the res i s to je t s  operate on an intermittent duty cycle, 
the actual variation would have a sawtooth charac te r i s t ic  imposed on the 
curve shown. Assume that the accumulator is at a p r e s s u r e  corresponding 
to (Wo - 1.63) lb  ( ten hours  on F igure  3-43) at 530 degrees  R a t  the s t a r t  of 
thrusting; that gas  is flowing into the accumulator a t  the lowest f lowrate 
corresponding to all the c rew sleeping; and that the accumulator m a y  blow 
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Figure 3-43. Biowaste Propellant Remaining With  Average Usage 

down to a final p re s su re  of 40 psia during thrusting. 
the amount of propellant available as a function of accumulator volume. 
The re  is no significant difference in the amount of propellant available for  
two 0. l-lb th rus te rs  o r  three 0.05-lb thrus te rs  and Figure 3-44 is r e p r e -  
sentative of both cases .  
propellant by about 3 percent. 
sents  the amount of propellant required by resis tojets  operating at 2000 R ,  
twice per  orbi t ,  to utilize 10 lb/day of waste gases .  
represent  additional propellant in the ratios of 1 .5  and 2 .0 ,  representing 
longer t imes  between resis tojet  operation. 
correspond to res is tojet  operation once per orbit .  

Then Figure  3-44 shows 

Operating four 0. l-lb engines reduces the available 
The lower dotted line i n  F igure  3-44 r e p r e -  

The other  dotted l ines 

The upper dotted line would 

The assumption that the accumulator is a t  a temperature  of 530 R before 
The accumulator is located in 530 R environ- thrusting is a conservative one. 

ment. 
on the compressor/cool ing design, and its momentum provides mixing and 
convective heat t ransfer  f rom the accumulator walls. There  are only a few 
pounds of gas in the accumulator so little heat is required to w a r m  it  during 
r epr  e s surization periods . 

The incoming flow is at  a temperature  grea te r  than 530 R,  depending 

The final accumulator temperature  for  the above case is shown in 
F igure  3-45 assuming that the gas entering the accumulator is 530 R and that 
there  is  perfect mixing. 
perature  due to the different f lowrates corresponding to four 0,  1 l b  to 
three  0.05 lb  th rus t e r s  and Figure  3-45 is  representative of all intermediate 
cases .  

There  is no significant difference in the final t em-  
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Figure 3-44. Propellant Available Versus Accumulator Volume 
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Figure  3-45. Final  Accumulator Temperature  

The effect of the gas tempera ture  and of theaccumula tor  s ize  on 
res i s to je t  power to achieve 2000 R in the resis tojet  is shown in  F igure  3-46. 
The effect of compresso r  power requirements  as a function of accumulator 
init ial  p r e s s u r e  (Po) is shown in F igure  3-47. These  differences in power 
requirements  due to accumulator p r e s s u r e  and/or  tempera ture  were  not 
considered significant enough to influence accumulator selection. 

The effect of volume and init ial  p re s su re  on accumulator diameter  
and weight is shown in F igures  3-48 and 3-49. 
charac te r i s t ics  can va ry  over  a wide range without a significant change in 
weight o r  diameter .  
selected during Phase  B space station prel iminary design fo r  the medium- 
thrust  RCS 02 /H2  subsystem a r e  l is ted in Table 3-10. 

Here  again, the accumulator 

The charac te r i s t ics  of the hydrogen accumulator 

This  accumulator is m o r e  than adequate for the biowaste gases  and 
would be used to reduce costs.  
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Figure 3-49. Accumulator Weights 

Table 3 - 1 0 e Accurnulato r Charac te r i s t ics  

Mater ia l  

Weight 

Volume 

Dia 

Max. operation p res s .  

Proof p r e s s u r e  

2 2 1 9 aluminum 

24.12 pounds 

14. 39 ft3 

3.00 f t  

120 psia  

150 psia  

WATER CONDENSATION 

The init ial  res is tojet  subassembly concept is shown schematically in 
F igu re  3-50. 
controlled by a shutoff valve (normally open) through a f i l t e r  and a regulator 

The flow of biowaste gases  f r o m  the Sabatier condenser is 
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Figure 3-50. Resistojet  Assembly (Dry  G a s )  

to maintain the p re s su re  in the ups t ream sys tem at approximately 15 psia. 
The regulation can be done by a separate  component o r  could be par t  of the 
compressor .  The gases  a r e  compressed and s tored in the accumulator a t  
100 psia. On demand f rom the thrus te rs ,  the gases  flow f rom the accumu- 
la tor  through p res su re  regulators to the thrus te rs .  
p r e s s u r e  is approximately 40 psia and the stagnation p res su re  a t  the 
thrus te r  throat is assumed to be 30 psia. 
may also be included in each thrus te r  c luster  to dampen init ial  p re s su re  
t ransients  but this is not mandatory. 

The thrus te r  inlet 

A small accumulator o r  manifold 

This  initial concept is based on a dry-gas  mixture f rom the Sabatier 
subassembly. However, the waste gases  obtained f r o m  the Sabatier 
condenser -separator  contain water  vapor as described in previous sections. 
The amount of water  present  will correspond to saturation conditions a t  
the condenser - separa tor  outlet p re s su re  and temperature  (nominally 15 psia 
and 54 F). If this gas mixture is subsecpently compressed and allowed to 
cool, some portion of this water vapor will condense. The amount of 
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condensation depends on the final t empera ture  and p r e s s u r e  in the accumu- 
la tor .  This  poses two possible problems: 

1. If compression is done isothermally,  condensation could occur  in 
the intercoolers  result ing in two -phase flow in later compression 
s tages .  
compressor  type and individual design. 

The severi ty  of this  two-phase flow would depend on 

2 .  In the accumulator,  a t  a significantly higher p r e s s u r e  ( >lo0 psia) 
than the condenser - separa tor  outlet p re s su re  and at ambient 
tempera ture  (70  F) , a significant quantity of this  water  vapor will  
condense. 
predict  the actual buildup of water  in the accumulator.  However, 
i t  is reasonable to a s sume  that statist ically some of these droplets  
will  collide and coalesce to f o r m  l a r g e r  drops before reaching the 
accumulator outlet. It is not unreasonable to a s sume  that a l a rge  
buildup of liquid could occur  in the accumulator over a period of 
t ime. When a slug of water  en ters  the accumulator outlet, p r e s -  
s u r e  and flow surges  will resu l t  downstream, 

In the low-gravity environment i t  is impossible to 

Several  design options have been studied which will prevent condensa- 

In Option 1 
tion in the accumulator.  
separa tor  outlet conditions a r e  assumed to be 70 F and 15 psia. 
(F igu re  3-51), chemical dehumidification is provided a s  in the ECLSS mole-  
cular  sieve. 
adsorbs  the water  vapor,  
incoming s t r e a m  until i t  becomes saturated.  
to dr ive out the water.  
while the other  is dried. 
dehumidification a r e  combined. 
cooled in any case ,  the s i l ica  gel  beds can be made l ighter and u s e  l e s s  
power if  mos t  of the water  is condensed during compression and cooling. 
By compressing the incoming mixture  to 120 psia and cooling to 70 F, 
approximately 88 percent of the incoming water  vapor can be condensed and 
separated.  The remaining water  is adsorbed by s i l ica  gel beds as in 
Option 1. In Option 3 (F igure  3-53),dehumidification is provided by purely 
mechanical means.  The incoming s t r e a m  is compressed to a higher p r e s -  
s u r e  and cooled to a lower tempera ture  than in the other  cases .  
manner,  sufficient water  is condensed and removed to prohibit condensation 
in the accumulator a t  the lowest tempera ture  reached during blowdown 
( =  2 F). After passing through the condenser,  the gas  p r e s s u r e  is reduced 
and it is reheated to 70 F. 
s tored ,  a s  shown, for  u s e  in the resis tojet ;  it could be returned to the 
ECLSS water  management assembly;  o r  i t  could be dumped overboard.  
Option 4 (F igu re  3-54) , the accumulator tempera ture  is maintained suffi- 
ciently high by e lec t r ic  heating and insulation to allow blowdown without 
reaching a tempera ture  low enough to cause condensation. 

F o r  design calculations the Sabatier condenser 

The incoming s t r e a m  passes  through a s i l ica  gel bed which 
Two beds a r e  used. One bed is open to the 

I t  then is isolated and heated 
The two beds al ternate  functions, one bed adsorbs  

In Option 2 (F igure  3-52),mechanical and chemical 
Since the gases  must  be compressed and 

In this 

In all of the above options, the water  could be 

In 
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Figure  3-51. Resistojet  Assembly Option 1 
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Figure  3-52. Resistojet  Assembly Option 2 
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CONDENSER 

Figure  3-53. Resistojet  Assembly Option 3 

Figure  3-54. Resistojet  Assembly Option 4 
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The weight, power, and cooling requirements  for  the initial design and 
the four options a r e  presented in Table 3-11. 
the accumulator in Option 4 i s  a function of insulation weight as shown in r 

Figure  3-55. 
cooling required for  i so thermal  compression and condensation i f  applicable. 
Option 4 uses  isentropic compression in o r d e r  to minimize accumulator 
heating requirements .  Water pumps and vapor izers  (downstream of the 
water  accumulator) in Options 1 to  3 a r e  sized for flowrates corresponding 
to usage of CHq/Hz/HzO in the resis tojet  in the same  proportion as they a r e  
available f r o m  the ECLSS (94.4 percent CH4, 2.4-percent H2, 3.2-percent 

The  power required to w a r m  

The cooling loads given in Table 3-10 a r e  the amount of 

HZO). 

With the exception of hea te r s  and water  vapor izers ,  a l l  the components 
a r e  common fo r  the four options considered o r  are  used by the ECLSS and 
will requi re  l i t t le o r  no additional technology development, 
ment  would only involve scaling to a different s ize .  
heavy s i l ica  gel beds and a l a rge  continuous power requirement  fo r  drying. 
These  disadvantages are  reduced in Option 2 but with the additional com-  
plexity of a condenser. Option 3 eliminates the complexity of the s i l ica  gel 
beds without additional weight. 
high as Option 1. 
requi res  heavy insulation o r  high continuous power. 

Any develop- 
Option 1 requi res  

The continuous power requirement  is as 
Option 4 is the leas t  complex of the options, however; i t  

F o r  a sys tem designed to uti l ize excess  or supplemental water  as 
res i s to je t  propellant, in  addition to the biowaste gases ,  the water  accumu- 
l a t o r ,  pump, vapor izer ,  e t c . ,  of Options 1 to 3 will be required in any case.  
Of these three ,  Option 3 is recommended because of l ighter weight and l e s s  
c o m ple xi t y . 

Another a l ternat ive is to utilize the biowaste gases  continuously. If 
the gases  a r e  used without compression there  should be no condensation of 
vapors.  
c a r r i e d  along in the gas  s t r e a m  and would not have an opportunity to accumu- 
la te .  
liquid in the gas  s t r eam.  The schematic of this sys tem would be similar to 
the basic  schematic of F igure  3-48 without the accumulator and downstream 
regulator.  
flexibility des i red  in thrus te r  chamber  p re s su re  range. The ma jo r  problem 
with this sys tem is the dual utilization of excess  o r  supplemental water  
concurrently with the biowaste gases .  
design problem and i t  is recommended that the integrated ECLSS-resis tojet-  
CMG demonstration program include the capability of testing this option, 

Even if some compression i s  provided the condensate would be 

The sys tem could be designed to accommodate this small quantity of 

The compressor  m a y  o r  m a y  not be required depending on the 

I t  is believed that this is not a ser ious 
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RESISTOJET ASSEMBLY DESIGN FOR DEVELOPMENT TEST 

The Space Station Phase  B Definition Studies a r e  continuing. In 
addition to the 33-foot-diameter stations defined in the past  y e a r  (powered 
by so lar -a r ray  ba t te r ies ,  nuclear  reac tor ,  and radioisotope), other  configu- 
ra t ions and concepts a r e  to be studied in  the coming year. 
in te res t  in the upcoming studies is the modular station, which will be built 
up in  s tages  by modules launched in the cargo bay of the advanced logistics 
shuttle. 

Of par t icu lar  

Since nei ther  the final space station concept no r  the configuration can 
be predicted a t  this  t ime,  it is not possible to define the res i s to je t  assembly  
in detail.  However,  there  is one concept pertinent to the biowaste res is tojet  
which appears  to be common to all of the NR space station designs. 
C02  management assembly ,  in all cases ,  recovers  all of the metabolic GO2 
(within the capability of the Sabatier reac tor  design). If the medium-thrust 
RCS is an O2/H2 bipropellant sys tem,  the ex t ra  hydrogen fo r  the Sabatier 
reac tor  can be supplied f r o m  the RCS hydrogen boil-off (cryogenic s torage) .  
If the medium-thrust  RCS is a hydrazine monopropellant, the ECLSS will  u s e  
hydrazine decomposition to pro vide nitrogen f o r  leakage makeup and hydrogen 
f o r  the Sabatier r eac to r ,  as described in the Space Base section of this 
report .  The following design is representative of the resis tojet  assembly 
necessa ry  to develop this type of ECLSS/ resis tojet  integrated subsystem. 
To  provide flexibility in the development program,  i t  is assumed that excess  
water  will be available to the resis tojets .  The  biowaste gas  section is based 
on Option 3 of the previous section; however,  the additional hardware neces -  
s a r y  to tes t  the continuous mode of operation is also shown. 

The 

Sabatie r Reactor  Subassembly 

The Sabatier reac tor  subassembly is not normally par t  of the r e s i s to -  
je t  subassembly; however,  the biowaste gas  composition to the resis tojet  
is direct ly  a function of the Sabatier reac tor  subassembly design and 
operation. 
l i t t le o r  no effect on the Sabatier reac tor  p r e s s u r e  and flow ra tes .  To 
properly a s s e s s  these interact ions,  i t  is  strongly recommended that a 
Sabatier reac tor  subassembly be designed specifically fo r  the resis tojet  
development program and be included on l ine with the resis tojet  assembly.  

I t  is also necessary  that the resis tojet  assembly  operation have 

I t  is desirable  but not absolutely necessa ry  that the Sabatier reac tor  

The in s t ru -  
subassembly be designed fo r  the 12-man space station. 
representat ive of the tes t  assembly  is shown in F igure  3-56, 
mentation shown is f o r  normal  operation and does not include a l l  tes t  
requirements  e 

A revised schematic  
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I t  is preferable  that the C 0 2  be supplied f rom a manned ECLSS test .  
However,  adequate simulation can be obtained by providing mixtures  based 
on the resu l t s  of previous manned tests.  
is  considered adequate fo r  tes t  purposes. 
the subassembly a r e  as follows : 

A commerc ia l  source  of hydrogen 
Per formance  requirements  fo r  

Operating t ime - - continuous 

COZ, flow ra t e  - -  1.13 pounds per  hour 

H2 flow ra t e  - - 0.207 pounds per  hour  

Heat rejection - -  condenser:  300 Btu /hr  a t  50 F; reac tor  210 Btu /hr  
a t  90 F 

System p r e s s u r e  - -  15 psia 

Biowaste g a s  outlet temperature  - -  54 F 

Biowaste gas  outlet composition - -  See Table 3-6 

Water f rom the Sabatier reac tor  subassembly can be utilized as required 
f o r  the water  s ide of the res i s to je t  assembly. 

Res i s  to jet Assembly 

The proposed resis tojet  assembly schematics  a r e  shown in 
F igu res  3-57 and 3-58. 
F igu re  3-57. In an actual  space station design, both the biowaste gas  and 
the water  loops would have the capability of providing CMG desaturation. 
Since CMG desaturation is the only t ime-cr i t ica l  function, i t  would not be 
necessa ry  to provide redundant s torage subassemblies .  The propellant 
s torage subassembly would be located in the lower toroid section of the 
33-foot-diameter space station, in the vicinity of the Sabatier reac tor .  
Line lengths between components would be on the o r d e r  of a few feet. 

The  propellant s torage subassembly is shown in 

F o r  t e s t  purposes ,  the biowaste gas  loop provides the capability f o r  
e i ther  intermittent o r  continuous operation. 
would be provided in an actual space station design. 
that the biowaste res is tojet  assembly can be shut down without shutting 
down the Sabatier reac tor  subassembly. 

I t  is doubtful that both options 
A vent is provided so 
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A maximum of three thrus te rs  i s  adequate for the development test. 
The thrus te rs  will be located in the four "corners"  of the space station, and 
typical line lengths f rom the propellant s torage subassembly a r e  1 0 ,  50,  
and 100 feet. The thrus te r  subassembly schematic is shown in F igure  3-58. 
The manifold in the biowaste side is to dampen p res su re  fluctuations. A 
pres su re  damper  is also required on the water  side. 
regulator is shown fo r  control of all three loops. An intermittent biowaste 
gas  system in the space station would probably have a fixed p res su re  regu-  
la tor  since there  is no significant advantage in variable thrust  for  the in t e r -  
mittent flow option. The development tes t  should have the option, however, 
of testing all reasonable variations. 
tempe r atu r e capability . 

A variable p re s su re  

The thrus te r  a lso has  variable 
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VAPORIZER 

FROM BIWASTE GAS 
INTERMITTENT FLOW LOOP 

T 
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Figure 3 -58. ' Resistojet  Thrus te r  Subassembly 
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IV. SPACE BASE 

The Space Station Phase B Definition Study includes the conceptual 
design of a space base  a s  a centralized ear th-orb i ta l  facility for conduct- 
ing a multidisciplinary research ,  development, and operations program. 

Some of the stated requirements  differentiate the space base  f r o m  the 
p recu r so r  space station and dictate i t s  unique design. Notably, the base  is  
to be a large (nominally 6 0  men)  assembly  of genera l -  and special-purpose 
modules. 
and must  be  capable of growth beyond it. In  fur ther  contrast  to  the station, 
the base will  provide ar t i f ic ia l -gravi ty  and zero-gravity environments 
simultaneously and in separate  volumes. Power is to be  supplied by 
multiple nuclear reac tors .  
Base Definition can be found i n  Reference 25. 

It mus t  have utility during buildup t o  the nominal configuration 

A detailed description of the Phase A Space 

The Space Base Phase A Study proposed biowaste res is tojets  to  
supplement the medium-thrust  RCS and significantly reduce resupply 
requirements .  
the space station biowaste r e  sistojet  development program, a more  detailed 
definition of this res is tojet  sys tem i s  provided i n  this section. 

To  identify any development requirements  not covered by 
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SPACE BASE RCS REQUIREMENTS 

SPACE BASE CONFIGURATIONS AND FLIGHT MODE 

The selected space base  concept i s  shown in Figure  4-1 as i t  would 
opera te  in i t s  normal  flight mode. 
art if icial-gravity section consis ts  of the hub and four basic  modules, which 
rotate  i n  the direction of the orbital  velocity vector.  
of the art if icial-gravity section (X-axis), which is. the centerline of the 
zero-gravi ty  section, i s  no rma l  to the orbi t  plane. 

In the nominal configuration, the 

The axis  of rotation 

Launch vehicle payload and p rogram resource  constraints and the 
order ly  evolution of the space operations and scientific investigations (SOSI) 
program dictate that the space base grow through a se r i e s  of configuration 
and capability plateaus. The buildup sequence is  presented i n  F igures  4-2 
through 4-6. 
preceded by e a r l y  assembly stages centered on a 12-man, solar-powered 
co re  module, of which the space station may b e  a prototype. The buildup 
proceeds i n  such a manner that this unit becomes an element of the 
local-vertical-oriented zero-g section of the base.  

The three  ma jo r  operational configurations envisioned a r e  

The 36-man init ial  configuration would b e  reached af ter  four INT-21 
launches. 
art if icial-g sections,  and i s  the f i r s t  stage of buildup to provide both gravity 
environments simultaneously. 
only 24. 

It is  nuclear-powered, has four modules in  zero-g and two in 

Initial manning of this configuration may be 

The fifth INT-21 launch would br ing up two combined personnel 
quarters /SOSI modules,  which would be assembled i n  ar t i f ic ia l  gravity to 
complete the 60-man nominal configuration. 
would be  complete a t  this stage,  and the c rew size would be  adequate to 
achieve 40-percent utilization b y  operating them on a one-shift bas i s .  
module of the art if icial-g section contains two decks of c rew and sys t em 
support and two decks of SOSI equipment, 
five modular e lements ,  the nuclear  power module, a n  iner t ia l ly  oriented 
SOSI module, the rotating hub plus two decks of subsystem equipment, a 
crew and subsystems module, and a SOSI module oriented to  the local 
ver t ical .  

The SOSI and support facil i t ies 

Each 

The zero-g section consis ts  of 
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One end of the configuration contains the power module and one of the 
SOSI modules in  an iner t ia l  hold mode, thereby providing a good base  for 
low-gravity experiments  and astronomy-type laborator ies .  On the other 
side of the rotating hub, the zero-g section would be in  a local-ver t ical  
hold mode and would, therefore,  rotate slowly a t  orbital  ra te .  

Ful l  utilization would be achieved in  the growth configuration through 
multishift operation by the 164-man crew. 
reached,  e i ther  the nuclear power modules would be replaced by l a r g e r  
units or additional r eac to r s  would be incorporated,  The four additional 
art if icial-g c rew qua r t e r s  modules require  two m o r e  launches, for a total 
of seven. There ex is t s  the possibility of an intermediate step, af ter  the 
f i r s t  two additional art if icial-g c rew quar te rs  mod.ules a r e  attached, which 
would require  a 112-man crew. The crew,  booms, and attached SOSI would 
be f e r r i ed  to orbit b y  the shuttle during all  stages of buildup. 

When the growth plateau is  

REACTION CONTROL SUBSYSTEM 

The reaction control subsystem selected in  the Space Base Phase  A 
conceptual definition (Reference 25) has  three thrust  levels. 
tions and jet  locations a r e  shown i n  Figure 4-7. 
art if icial-gravity section i s  done by 100-pound bipropellant t h rus t e r s  
(N204/MMH). A low-thrust  (0. 1 pound) biowaste res is tojet  sys t em util izes 
waste  gases  f r o m  the ECLSS to provide momentumvector  control and orbit 
maintenance. 
momentum vector  control and orbi t  maintenance requirement is  achieved by 
a medium-thrust  (1 0 pound) sys tem using oxygen and hydrogen i n  a gaseous 
bipropellant t h rus t e r ,  Oxygen and hydrogen, at  a weight r a t io  of 8:1, a r e  
obtained f r o m  water  e lectrolysis  and supplemented with excess  hydrogen 
f r o m  the ECLSS ammonia dissociator ,  s o  that the bipropellant t h rus t e r s  
operate at an O2/H2 weight r a t io  of 3 : l .  
mixture  ra t io  of 3 .65: l  and 2 5  pounds of th rus t ;  however, subsequent selec-  
tion of 3: l  and 10 pounds for the space station thrus te rs  would dr ive the 
space base RCS to the same design, for  common development and cos t  
savings . 

The RCS func- 
Spin and despin of the 

Control of docking disturbances and some of the excess  

Reference 25 specifies an 02/H2 

Nonperiodic torques that resul t  in a CMG desaturation requirement 

These torques would be about the longitudinal 
could occur i f  modules were  docked t o  the ear th- re ferenced  (local ver t ical)  
section of the space base.  
(X-axis) of the zero-gravi ty  section and would have approximately the same 
magnitude as  listed for the space station (Figures 3-8 and 3-9). 
torques a r e  smal le r  than the momentum vector  control torques and can be  
handled concurrently with the momentum vector  control  function. There - 
fore ,  CMG de saturation i s  not l is ted separately.  

These 
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Figure  4-7. RCS Functions and Jet Locations 

A l l  of the space base functions have the same meanings a s  those 
discussed in the space station section. However, the momentum vector  
control i s  for a different purpose. 
art if icial-gravity section would tend to  maintain the space base  in a n  iner t ia l  
orientation (gyroscopic effect) a s  the orbit r eg res ses .  Since the desired 
orientation i s  with the art if icial-gravity section rotational axis no rma l  to 
the orbi t  plane, the angular momentum vector  must  be continually changed 
to match  the orbi t  plane regress ion .  The momentum vector  control thrust  
vector  (for the je t  location shown) is  coplanar with the orbit  plane and 
always in the same direction relative to a coordinate sys tem defined on the 
orbit plane, r ega rd le s s  of the space base  position in the orbi t  plane. 

The angular momentum generated by the 

The orbit maintenance and momentum vector  control impulse requi re -  
ments  for  the nominal space base configuration a r e  given in F igu res  4-8 
through 4-10 a s  a function of altitude (200 t o  300 nautical miles) and sunspot 
activity for a typical 11 -year solar  cycle. 
(Figure 4-10) i s  a function of altitude only. 

Momentum vector control 

The spin/despin function i s  accomplished with an independent RCS, 
and the impulse required for control of docking t ransients  i s  negligible. 
Therefore ,  only the orbit maintenance and momentum vector  control func- 
tions a r e  considered in the design of space base integrated ECLSS/RCS. 
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ECLSS WASTE FLUIDS FOR RCS PROPELLANT 

Spac'e Base Buildup Phase 

The space base  u s e s  a modular buildup, with c rew increments  a s  
follows : 

Crew Size 

Initial base 
Initial base 
Nomin a1 b a s e 
Nominal base 
Growth base 
Supergrowth base  

24 
36 
50 
60 

112 
164 

The space base configurations a r e  shown in F igures  4-4 through 4-6. 

The space base  ECLSS incorporates  cen t r a l  processing of metabo- 
lically produced C02  for  oxygen recovery  and resis tojet  propellant supply. 
The oxygen recovery concept incorporates  molecular sieve for  C02 removal ,  
Sabatier for  C02  hydrogenation, water  e lectrolysis  for 0 2  and H2 produc- 
tion, and ammonia dissociation for N2 supply and additional H2 to the 
Sabatier to allow processing of all the metabolically produced C02. 
subassemblies  a r e  included in the air-scrubbing assembly (ASA). 
i s  located in the initial core  module and i n  the hub module in  the zero-  
gravity portion of the space base,  a s  i l lustrated i n  Figure 4-11. 
requirements  preclude the t r ans fe r  of H2, CH4, or NH3 a c r o s s  the rotating 
portion of the hub to the art if icial-gravity modules. 

These 
The ASA 

Safety 

When additional 26-man living-quarter modules a r e  added to each of 
the four art if icial-gravity "a rms ,  ' I  they a r e  equipped with self-contained 
oxygen reclamation equipment (growth base and supergrowth base).  The 
oxygen recove'ry concept for the growth-base 26-man modules incorporates  
membrane diffusion for  C 0 2  removal and solid electrolyte for  O2 recovery 
f rom C02. These units,  located i n  the added modules, produce hydrogen a s  
a waste gas.  Since hydrogen cannot be t r ans fe r r ed  across  the rotating hub, 
any utilization of this gas  must  occur in the art if icial-gravity a r m  in  which 
i t  i s  produced. 
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WASTE GASES FROM AIR-SCRUBBING ASSEMBLY 

The major  difference between the space station and space base 
ECLSS, relative to ECLSS biowaste res is tojet  integration, is i n  the makeup 
of nitrogen for  cabin atmosphere leakage. 
station resupplies cryogenic N2 to make up for leakage. 
space base  atmosphere to space is compensated for  by water  e lectrolysis  
for  02' supply and ammonia (NH3) dissociation for N2 supply. The H2 pro-  
duct f r o m  both water  e lectrolysis  and N H 3  dissociation i s  used t o  r eac t  the 
C 0 2 ,  and excess  H2 i s  available a s  RCS propellant. 

The present ly  defined space 
Leakage of the 

Seal Leakage 

The base leakage is assumed to  be a function of the sea l  length 
associated with docking ports ,  ground-loading doors ,  etc.  The estimated 
sea l  leakage i s  given i n  Table 4-1. 

Toilet Vent 

The base toilet concept incorporates  vacuum-dumping of the a i r  
contained i n  the fecal collection tank and vacuum-drying of the feces.  
estimated that eight toilet vents per  day a r e  required for  12 men. Future  
pre l iminary  designs of the toilet concept may  indicate that the fecal  tank 
should be  pumped down prior  to vent or that a fecal s lu r ry  concept may be  
required to avoid loss  of cabin gas. However, baseline space base design 
incorporates  a vacuum dump (same a s  the space station design). The vent 
quantities a r e  listed in Table 4-2. 

It is  

Table 4-1. Space Base Seal Leakage 

Space Base Buildup 0 2  Leak 
Phase (1b /day) 

Initial base 

Nominal base  17. 2 

GTowth base 19. 6 

Supergrowth base  21. 9 

I 

N2 Leak 
(1b /day) 

49. 1 

56. 8 

64. 4 

72. 1 

Total  Leak 
(lb/day) 

64  

74 

84 

94 
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Table 4-2. Toilet Vent Atmosphere Loss  

Space Base Buildup 
Phase 

Initial base (24) 

(36) 

Nominal ba s e (5 0) 

(6 0) 

Growth base (1 12) 

Supe r g r  owth (164) 
base  

A i r  Lock Operation 

0 2  Vent 
(1b /day) 

0.56 

0. 84 

1. 17 

1.40 

2.61 

3. 82 

N2 Vent 
(1b / day) 

1. 84 

2. 76 

3. 83 

4. 6 

8.59 

12. 58 

Total Vent 
(lb/ day) 

2.4 

3.6 

5.0 

6.0 

11.2 

16.4 

Space base a i r  locks would be pumped f rom a p re s su re  of 14. 7 psia 

A i r  
to 1. 0 psia pr ior  to  venting to  space. 
impact  to the H2 0 electrolysis  and NH3 dis sociation subassemblies.  
lock gas- loss  es t imates  a r e  summarized in  Table 4-3. 

The 1. 0-psia gas vent represents  an 

Table 4-3. A i r  Lock Atmosphere Loss 

Space Base  Buildup 
Phase 

Initial base 

Nominal bas  e 

Growth base 

Supergrowth base  

0.37 

0.73 

1.44 

1. 50 

N2 LOSS Total Loss  
(1b / day) (1b/ day) 

1. 23 

2. 41 

4. 75 

4. 94 

1. 6 

3. 14 

6. 2 

6.44 
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Waste Gas Quantities 

The quantity of waste  gases  produced by ASA a r e  a function of the cabin 
atmosphere losses  (Tables 4-  1 through 4-3),  c r ew size,  CO2 production rate 
(per  man) ,  and 0 2  consumption r a t e  (per  man).  
the initial, nominal, and supergrowth bases  a r e  given in Figures  4-12 through 
4-14 for nominal c rew s izes ,  metabolic r a t e s ,  and the predicted leakage 
r a t e s .  
variations due to c rew size and metabolic r a t e s .  The H2 f r o m  the Sabatier 
reactor  is mixed with the methane. 
dissociation) m a y  be utilized separately o r  mixed with the Sabatier reactor  
effluent. 
able only in the ar t i f ic ia l -gravi ty  module in which.i t  i s  produced. 

Mass-balance diagrams for 

Table 4-4 summar izes  the waste  gases  available f rom ASA, including 

The excess  hydrogen ( f rom ammonia 

As  previously stated,  hydrogen f rom the solid electrolyte is avail-  

SPACE BASE WATER MANAGEMENT 

The space base water  management assembly  i s  essentially the s a m e  
a s  that for the space station (described i n  a previous section). 
assembly incorporates  a two-loop reclamation concept consisting of a vapor 
diffusion compression loop (potable water )  and a reverse-osmosis  loop 
(wash water) .  Brine f r o m  the r eve r se -osmos i s  recovery unit i s  directed to 
the vapor  compression potable water  recovery unit for fur ther  processing; 
therefore ,  the two loops a r e  connected. The additions to  the water  manage- 
ment assembly a r e  a laundry and a n  anal  wash for  the toilet. 

This 

AY 

Figure 4-12, Mass  Balance,  Initial Base,  36 Men 
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The space base  water  balance was  not evaluated i n  detail  i n  the Phase 
A conceptual study (reported in Reference 25). 
urine production, and basic water  use requirements  for the base a r e  s imi l a r  
to those fo r  the station. The laundry inc reases  the wash-water requirement  
by 4 pounds/man-day, while the anal wash increases  the vapor compression 
loop by 3 pounds/man-day. 
98-percent efficiency of the vapor  compression unit, is  given in  Table 4-5. 

The shower requirements ,  

An est imate  of the excess  water,  assuming 

It should be noted that m o s t  of the excess  water l is ted in Table 4-5 
resu l t s  f rom the variation in the quantity of oxygen required for metabolic 
purposes  relative to the leakage requirement.  
water  required for e lectrolyses  dec reases  and becomes excess .  
water  reported in Table 4-5 corresponds to the nominal leakage values 
reported in Table 4-4. This excess  could increase  in time i f  the leakage 
dec reases  a s  holes become plugged by par t ic les  in the cabin atmosphere.  

A s  the leakage decreases ,  the 
The excess  

Table 4-5. Excess  Potable Water 

Buildup Pha s e 
( c r e w  size)  

36 

60 

1 1 2  

164 

3 .4  

14. 1 

40.4 

67.0 

E CLSS WASTE PROCESSING 

The processing of t r a s h  on board the space base provides another 
potential ECLSS/RCS integration, through the utilization of waste  gases  
generated by t r a sh  processing. 
A Study (Reference 25) ,  s eve ra l  ECLSS waste processes  w e r e  considered 
( thermal  decomposition, de s tructive distill at  ion, incine ration, wet oxidation, 
and s t eam reformation).  In general ,  the exhaust products of decomposition 
and destructive distillation can be expected to be heavy hydrocarbons that 
can condense on experiments and contaminate the exter ior  of the base.  
Although the incineration and oxidation processes  produce clean by-products 
such a s  C 0 2 ,  CO, and water  vapor ,  they resu l t  i n  relatively high resupply 

During the course  of the Space Base Phase  
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weight due to oxygen consumption. 
other hand, has  by-products of C02  and H2. 
combined i n  a Sabatier reactor ,  the products a r e  water and CH4, a s  i n  the 
reduction process .  
yea r s  by  the petrochemical industry in ' the production of hydrogen f r o m  
crude oil and coal (Reference 26).  
s t eam reformation i s  now being investigated. 

The s team reformation process ,  on the 
When these by-products a r e  

The s t eam reformation process  has  been used for many 

The feasibility of t r a s h  processing by 

Of the t r a s h  processing concepts studied, s t eam reformation was  the 
most  attractive.  
the shuttle and the developme!nt status of the s t e a m  reformation concept for  
this application preclude the selection of any t r a s h  processing method for 
the Space Base Phase  A concept. Nevertheless,  a tremendous potential 
ex is t s  for  processing water ,  which i s  not normally recoverable,  along with 
t r a s h  to obtain potable water and gases  for  propulsion. 

However, the capability of returning the t r a s h  to ea r th  via 

A block d iagram of the process  that might be  applied to a space base  
i s  shown in  F igure  4-15. 
and the addition of waste  water to f o r m  s lu r ry ,  which i s  pumped through 

It s t a r t s  with the grinding of processable t r a s h  

5.0 LB/DAY ASH @ REACTOR REACTIONS 

Cn"(2n + 2) + n  H 2 0 - n  CO + (2n + 1)  H2 

2. CO + H20-C02 +H2 

3. CnHpn + 2)+ 2n H20 ---n CO2 + (3n + 1)  l-42 

Figure  4- 15. Steam Reformation T r a s h  Process ing  
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a regenerative heat exchanger to  the reactor .  
shown occur a t  approximately 1000 F. 
through an a s h  f i l ter ,  and the a s h  is  separated.  
passed through a gas  sepa ra to r / f i l t e r ,  where  CO2 and H2 a r e  separated and 
t race  gases  such a s  sulphur dioxide ( S O 2 )  and N H 3  a r e  absorbed. 
and H2 a r e  reacted in  a Sabatier r eac to r ,  and GO2, CH4, and H 2 0  a r e  
formed. 

At this point, the reductions 
The by-products a r e  then passed 

The product gases  a r e  

The CO2 

The Space Base Phase A Study showed that a 50-man base would 
generate  approximately 100  pounds of processable  t r a s h  a day. Assuming 
that this t r a s h  i s  typified by C2H6, the chemical balance i s  a s  shown i n  
F igure  4-15, based on the react ions shown. This balance resu l t s  i n  a net 
water  loss  of 36 pounds per  100 pounds of t r a sh .  .However, there  i s  the 
possibility that 96 lb/day of experiment water ,  which i s  incompatible with 
the normal  water  recovery sys tem,  could be  made available for t r a s h  
processing. In addition, a wet fecal collection sys tem could produce 
150 lb/day of fecal water s lu r ry ,  

These resu l t s  suggest the potential for  processing a fecal s lu r ry  and 
other contaminated waters  to provide clean water  and gases  which would be 
sufficient t o  eliminate all propellant resupply requirements  (both medium 
and low thrust) .  
in  the feasibility stage,  a s  i t  i s  applied t o  t rash-water  processing i n  a space 
vehicle. There  a l so  may be significant differences between the t rash-waste  
water  availability and the chemical  makeup of the t r a sh  assumed above and 
that which may  actually exist .  

It must  be emphasiz'ed, however, that the concept i s  s t i l l  
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REACTION CONTROL SUBSYSTEM OPERATION 

The RCS selected i n  the Space Base Phase A conceptual definition has 
both medium- and low-thrust  jets.  
gases  (CH4 and H2) i n  res is tojets  fo r  momentum vector control and orbit  
maintenance requirements.  
momentum vector control is achieved by a medium-thrust  sys t em using 
oxygen and hydrogen i n  a gaseous bipropellant th rus te r .  
hydrogen at  a weight ra t io  of 8: l  a r e  obtained f r o m  water  e lectrolysis  and 
supplemented with hydrogen f r o m  the environmental control and life support  
ammonia dissociater  assembly,  s o  that the bipropellant th rus te rs  operate 
a t  an  oxygen/hydrogen weight ra t io  of 3 : l .  

The low-thrust  sys tem uses  excess  

Control of docking disturbances and any excess  

Oxygen and 

NOMINAL BASE RCS OPERATIONS 

The mission operations study, reported i n  Reference 25, recommen- 
ded that a 273-nm orbi t  inclined 55 de~grees  would best  meet  all experiment 
requirements .  The space base i s  oriented with the rotating (art if icial  
gravity) section in  the orbit  plane and the longitudinal axis of the zero-  
gravity section perpendicular to the orbit  plane (Figure 4-1). In this flight 
mode, the impulse requirements  f o r  the 60-man nominal base a r e  12,300 
lb- sec /day  for momentum vector control (Figure 4- 10) and 8300 Ib-sec/day 
for  orbit  maintenance with a 20- a tmosphere for  1 October 1978 or  1780 
lb-sec /day  for orbit  maintenance with a nominal a tmosphere fo r  1 October 
1978 (F igures  4-9 and 4-8, respectively).  

The total impulse available f r o m  the waste gases  l is ted i n  Table 4-4 
( 2 . 2 5  lb/man-day C02)  for the 50- and 60-man nominal base RCS i s  shown 
in Figure 4- 16 a s  a function of the fraction of excess  H2 ( f rom NH3 decom- 
position) used with the medium- thrust  system. 
medium-thrust  sys t ems)  for  a given design occurs  when all of the excess  
hydrogen i s  utilized in  the bipropellant th rus te rs .  
and momentum vector control a r e  handled separately,  the design impulse 
requirement i s  2 0 ,  600  lb-sec/day.  This i s  well within the sys tem design 
capability, but necessi ta tes  some water  resupply and electrolysis  operation 
for the medium-thrust  makeup of the momentum vector control. 

Maximum impulse (low- plus 

If the orbit  maintenance 

A m o r e  economical mode of operation i s  to combine the two functions 
in a manner  s imi l a r  to  that used to  combine the space station orbit  
maintenance /CMG desaturation. 
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A s  stated previously, the momentum vector  control th rus t  vector is 
always i n  the s a m e  direction relative to the orbi t  plane. Therefore ,  a s e t  
of t h rus t e r s  located i n  an orthogonal arrangement  on an earth- referenced 
module can  be used effectively four t imes pe r  orbi t  (Figure 4- 17). 
orbit-maintenance thrust  mus t  be i n  the direction of the velocity vector ,  
combined momentum vector control and orbit- maintenance thrusting can be 
done only once pe r  orbit ,  Obviously, it is necessary  to  delete the momen- 
tum vector  control thrusting 180 degrees  f r o m  the combined thrusting point. 

Since the 

The thrusting periods,  particularly with the low- thrust  res is tojet ,  a r e  
relatively long (minutes),  so  that the space base sweeps a finite a r c  i n  the 
orbi t  plane relative to  ear th .  The thrus te rs  a r e  located on the ear th-  
referenced module s o  that the thrust  vector turns  through a corresponding 
angle. The thrus te r  impulse (It) required to produce an effective impulse 
(Ite) f o r  momentum vector control, therefore,  i s  

I = I 8 / s i n  8 t te  (4- 1 )  

where 8, in  radians,  is equal to thrusting half.angle about the a point where 
the thrus t  vector coincides with the momentum vector control vector 
(Figure 4- 17). During the combined thrusting mode, the orbit-maintenance 
impulse i s  equal to It, since the thrus't vector i s  always in  l ine with the 
velocity vector. 

The thrust ,  F, required to supply the momentum vector control 
impulse i s  

te  
3. 636( i o ) -  I 

F =  
n s in  8 

(4- 2 1 

where n i s  the number of equal thrusting per iods pe r  orb i t  and It- is i n  units 
of lb-sec/day.  This equation is  independent of orb i t  altitude. 

If three 0.1-pound thrus te rs  a r e  used three  t imes p e r  orbit ,  a n  angle 
e ,  equal to 0 . 5 2  radians,  i s  required (each thrusting period) to provide 
12,300 lb-sec/day momentum vector control impulse. 
produced by the thrus te rs  f r o m  Equation 4-1 i s  12,870 lb-sec/day.  
of the thrus te r  impulse  (4290 lb-sec/day)  i s  used for  orbi t  maintenance. 
The remaining orbit-maintenance requirement ,  therefore ,  is  4010 lb- sec /  
day). 
all of the waste gases  a r e  used in  the resis tojet .  Since 12,870 lb-sec/day 
is  used for  momentum vector control, only 3130 lb-sec/day i s  available for  
orbi t  maintenance (40 10 lb- sec /day  i s  required).  An i terat ion would be  
required to de te rmine  the amount of thrusting required f r o m  the medium- 
thrust  02-HZ sys t em to balance the requirements .  The above analysis,  
however, indicates that utilization of the combined mode of operation can 
significantly reduce the amount of thrusting by the 02/H2 system, thereby 
reducing the resupply requirements .  

The actual  impulse 
A third 

It can be  seen  i n  F igure  4-16 that 16,000 lb-sec/day is available if 
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OFF-  DESIGN OPERATIONS 

Although the recommended orbi t  altitude is 273 nautical mi les ,  the 
space base must  have the capability of operating over the full range of 
200  to 300 nautical miles .  In addition, the various buildup phases resu l t  in  
different impulse requirements  and quantity of waste gas available. The 
following sections descr ibe the various possibilities and define variations 
in  the RCS operational mode to meet  the varying requirements.  
ca ses  where the impulse requirement  exceeds the normal  RCS capability, 
supplemental propellant requirements  a r e  defined. 

F o r  those 

Off- Nominal Crew Size 

F o r  c rew sizes  l e s s  than nominal for  a given space base configuration, 
there  exis ts  a situation unique to the NR space base integrated ECLSS/RCS 
subsystem concept. 
gases  available to the RCS with a 50-man crew is l e s s  than that with 60 men,  
a s  might be expected. 
for reduction, l e s s  hydrogen i s  required by the Sabatier reac tor ,  resulting 
i n  more  excess  hydrogen f r o m  ammonia dissociation (leakage i s  ve ry  near ly  
constant). The excess  hydrogen, when used in  the O2/H2 th rus t e r s  
(supplemented by water electrolysis gases) ,  i s  equivalent to 2680 lb- s ec / lb  
of excess  H2. 
i nc reases  a s  the crew size decreases ,  a s  shown in  Figure 4- 16. 

It can be seen in  Table 4-4 that the amount of waste 

However, since the 50-man crew produces l e s s  C02 

Therefore ,  the total impulse capability of the space base 

High- Density Atmosphere 

F o r  the + 2  ua tmosphere  a t  a 200-nm altitude, the 24, 300 lb - sec  
impulse capability of the biowaste res is tojets  and O2/H2 th rus t e r s  is 
exceeded four yea r s  of the 11-year so la r  sunspot cycle. 
the orbit-maintenance impulse requirement i s  much l a r g e r  than the momen- 
tum vector  control impulse requirement.  F o r  this condition, the most 
economical operation of the momentum vector control thrusting i s  once per  
orbit ,  s o  that a l l  of the impulse generated i s  a l so  being used fo r  orbit  
maintenance. Since the orbit-maintenance impulse is  much l a r g e r  than the 
momentum vector control impulse,  the combined impulse requirement  i s  
identical to  the orbit- maintenance requirements.  

At this density, 

During the peak four -year  period, a t  200  nautical miles  (Figure 4-9),  
the impulse above the 24,300 lb-sec /day  RCS capability i s  45. 7 x 106 lb-sec ,  
The peak quarter ly  average impulse is 3 7 ,  000 lb-sec /day ,  o r  an  excess  
requirement of 12, 700 lb- sec /day ,  maximum. 
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The p r imary  fluids being resupplied to the space base  reaction control 
subsystem a r e  water  and ammonia, These fluids would be the logical 
candidates f o r  supplemental propellant. 
res is tojet  will be designed to  operate at a gas temperature  of at l e a s t  
2700 R. Based on operation a t  2700 R, the supplemental requirements  for  
water and ammonia a r e  a s  shown i n  Table 4-6. 

It is  assumed that the biowaste 

The nominal 180-day resupply and s torage capacity f o r  ammonia 
(leakage makeup) is 14,000 pounds, and for  water  (RCS only) 1447 pounds 
(assuming 14. 1 lb /day  excess  f r o m  ECLSS). 
resupply schedule, ammonia could be used a s  supplemental propellant 
without impact  on the on-board o r  cargo module tankage. 
however, would require  a significant change i n  the .water resupply schedule 
o r  an  inc rease  i n  on-board s torage and cargo module tankage, 
flexibility in  resupply scheduling and savings due to lower resupply cost  
dictate the selection of ammonia as the supplemental propellant, 

With a slight change in  the 

Use of water ,  

The added 

Initial Base RCS Capability 

The RCS impulse requirements for  the buildup phases have not been 
calculated. However, the momentum vector control i s  lower than that for  
the nominal base,  because the angular momentum of initial base phases i s  
produced by only two rotating arms rather  than four. The orbit-maintenance 
requirements  a r e  only slightly l e s s ,  because the difference in  projected a r e a  
i s  only in  the effective projected a r e a  of the rotating section. Both buildup 
phases have more  impulse capability than has the nominal base,  a s  shown 
i n  Figure 4-18. A s  designed the RCS is,  therefore ,  adequate for the buildup 
phase for  the nominal mission. 
would be met  through the use  of supplemental propellants,  a s  described in  
the previous section. 

High-atmospheric design requirements  

Table 4- 6. Supplemental Propellant Character is t ics  

, P a r a m e t e r  

I at 2700 R 
SP 

Total propellant required,  lb  

90- day requirement  (max. ), l b  

Volume of 90-day requirement ,  f t  

Average power, 90-day peak, kw 

Total resupply cost  at  $100/lb, dollars 

3 

Ammonia 

300 

152,300 

3,810 

100 

1.54 
6 15.23 x 10 

Water 

240 

190,400 

4,763 

76 

1.47 
6 19.04 x 10 
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Growth Base RCS Capability 

Mass propert ies  for  the growth vers ion of the space base were  not 
calculated in  detail during the Space Base Phase  A Study. Therefore ,  RCS 
requirements  can be only approximated. During the Phase  A study, it was 
estimated that the momentum vector control for  the 164-man base would be 
a factor  of 3 .3  over that of the nominal base,  and that the orbit-maintenance 
impulse requirement would increase  by a factor of 1 .2 .  Consequently, the 
momentum vector control impulse could require  approximately 40, 590 
lb- sec /day  with a n  orbi t  maintenance impulse requirement of 9960 o r  
2136 lb-sec /day  fo r  the 20- and nominal a tmospheres ,  respectively. 

The metabolic C02 in  the additional modules i s  reduced by the solid 
electrolyte concept, which produces H2 only a s  a waste gas. This hydrogen 
i s  available only i n  the rotating a rm in which it i s  produced, because safety 
requirements  preclude the t r ans fe r  of hydrogen a c r o s s  the rotating hub. 
The total quantity of hydrogen available ( see  Table 4-4) is  2 .66  lb /day  for 
four modules. 
o r  7130 lb-sec /day  i f  used i n  a bipropellant 02 /H2 sys tem similar to that 
of the nominal base.  Neither of these i s  sufficient to meet  the ex t ra  
r e  qui r ement s . 

This will provide 2040 lb-sec /day  i n  a resis tojet  a t  4000 R, 

F r o m  NH3 dissociation for  leakage, there  i s  10. 6 lb /day  H2 available 
This corresponds to 28,400 

In addition to the resis to-  
in  the zero-gravi ty  section of the growth base.  
lb-  sec /day  when used in  the bipropellant system. 
jet  capability of 13, 2 0 0  lb- sec /day ,  this resul ts  in a total impulse capa- 
bility i n  the zero-  gravity section of 41, 600 lb- sec/day.  
momentum vector control and orbit-maintenance functions a r e  combined, 
a s  for  the nominal base ( three thrusting per iods) ,  a t  l ea s t  13, 500 l b - sec /day  
would be available for  orbit  maintenance f r o m  40, 590 lb-sec /day  of 
momentum vector control thrusting. Thus , the biowaste res is tojet  sys tem 
i n  the growth base would be the same a s  that for  the nominal base. 

Assuming that the 

THRUSTER SIZE 

F o r  the design reference mission, 0. 3 pound of thrust  ( three 
0. 1-pound th rus t e r s  operating concurrently) was shown to be adequate (in a 
previous section),  with three  thrusting periods per  orbit  for  momentum 
vector control. However, for  the 200-nm, 2 u atmosphere,  only one 
thrusting period pe r  orbit  would be used for  momentum vector control. 
This could resul t  in  a l a r g e r  res is tojet  thrust  requirement.  
however, that the maximum impulse requirement  can be m e t  with a 
reasonable number of 0 ,  1-pound thrus te rs .  

It will be shown, 

The t 2  cratmosphere a t  200 nautical miles  resul ts  in  a maximum 
orbit- maintenance impulse requirement of 37, 000 lb- sec/day.  
momentum vector control impulse required a t  this altitude is 

The 
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13, 200 lb-sec/day. When the total impulse requirements  r each  or exceed 
the normal  capability of the RCS (24, 300 lb-sec/day) ,  the 02 /H2  t h r u s t e r s  
a r e  providing 11, 000 lb-sec/day.  
used in the combined mode of operation, res i s to je t  orbit-maintenance and 
momentum vector control impulse requirements  a r e  reduced to  26, 000 and 
2200 lb-sec/day, respectively. Five 0. 1-pound resis tojets ,  oriented as 
shown in F igure  4-19, can provide this impulse, as follows. The three 
th rus t e r s  (F = 0. 3 pound) at the end of the vehicle provide the momentum 
vector control by operation through the angle 2 8 ( f rom Equation 4-2). 

Assuming that these 02 /H2  th rus t e r s  a r e  

( 4 . 3 )  

The total impulse produced by the three  th rus t e r s  for orbit  maintenance 
( f rom Equation 4-1) i s  

It = I e = 2230 Ib-sec/day 
o m  t m v c s i n e  ( 4 . 4 )  

If the two res i s to je t s  that  thrust  through the center  of gravity a r e  operated 
at  the same t ime,  the total orbit-maintenance impulse obtained in this  
period of operation is  3720 lb-seciday.  The remaining orbit-maintenance 
impulse is obtained by  thrusting with all five resis tojets  in two equal periods 
on opposite sides of the orbi t  and with a centerline perpendicular to the 
centerline of the momentum vector control thrusting period. 
i s  equal to 1. 62  radian. 

The angle 9 
The duty cycle of the five th rus t e r s  i s  60 percent. 

MIXED VERSUS SEP.ARATE GAS USAGE 

In the previous sections,  i t  was assumed (unless otherwise s ta ted)  that 
the excess  hydrogen that was not used i n  the 02/H2 t h rus t e r s  would be mixed 
with the Sabatier reac tor  effluent, and used i n  the resis tojet  a t  2000 R. 
Supplemental propellants a r e  used i n  the resis tojet  separately f rom the 
gases produced on board and a t  a higher temperature  (2700 R) to obtain 
better specific impulse.  

Theoretically,  the specific impulse of perfect gas mixtures  relative 
to the individual gas specific impulse,  at  constant temperature  i s  

1 S q/- xlls l  + x2 Is2 (4- 5 )  

where X1 and X2 a r e  the respective weight ra t ios  of the two gases. '  
Defining W1 and W2 a s  the m a s s  of the two gases ,  then 
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It = (W1 t w ) I  
2 s  

= w  I 
It1 1 s l  

I = w  I t;? 2 s 2  

It can be shown that 

2 2 
It - (Itl t Itz) = w w (I 1 2 s l  

Therefore ,  a t  the same gas tempera ture ,  m o r e  
mixing the gases  than by using them separately 

2 
- I  ) 2 0  (4- 9 )  s 2  

impulse can be obtained by 
(th.e equality exis ts  only i n  

the t r ivial  solution of W1 = 0,  W2 = 0 ,  o r  Isl = Is2).  

However, since methane i s  l imited to a lower tempera ture  (2000 R) 
than that of the other gases and l imi t s  the mixture to the same  tempera ture ,  
a l a r g e r  impulse may be obtained by using the other gas separately at the 
higher temperature .  
higher temperature  can be shown by defining an impulse ratio,  4 .  

The relative gain of operating the second gas a t  a 

impulse with second gas at higher tempera ture  
+ =  

impulse of mixed gases  a t  2000 R 

This parameter  i s  plotted in  Figure 4-20 a s  a function of the second gas 
tempera ture  for mixtures  representative of the space base and space 
station. 

F o r  the nominal space base (0.  9 CH4/0. 1 H2),  it i s  obviously bet ter  
to combine the excess  hydrogen with the Sabatier effluent gases .  
base supplemental propellant (NH3) has ve ry  near ly  the same  specific 
impulse a s  that of methane, and ve ry  l i t t le is  gained by combining the two 
fluids. 
before entering the thrus te r ,  there  i s  no simplification of the overall  
sys tem to be obtained by combining the ammonia vapors with the biowaste 
gases.  Therefore ,  the supplemental propellant for  the space base  will be 
used separately.  

The space 

Since the ammonia i s  s tored a s  a liquid and must  be vaporized 

It was suggested i n  the space station section that the addition of sig- 
nificant quantities of water  vapor to the Sabatier effluent may resul t  in  a 
higher temperature  l imi t  for  the mixture before methane decomposition 
occurs .  If tes t  resu l t s  verify this increased  l imit ,  i t  certainly would be 
desirable  to combine the two propellants. 
the space station resis tojets  has essentially the same  resul t  as does the use 
of supplemental ammonia usage in the space base.  

Otherwise,  the use of water  in 

- 147 - 



1.10 

1.05 

1 .oo 

0.95 

CH4 AT 2000 R 

2000 2500 3088 
SECOND GAS TEMPERATURE (DEG RANKINE) 

Figure  4-20. Impulse Ratio f o r  Combined Gas Usage 

- 148 - 



A s  a mat te r  of in te res t ,  the methane/carbon dioxide rat io  obtained i n  
the Sabatier effluent when the only hydrogen available to the Sabatier reac tor  
i s  f r o m  water  e lectrolysis  is a l so  shown. If all of the C 0 2  is  passed through 
the reac tor ,  the reac tor  effluent is i n  the rat io  shown. It is a l so  possible to 
obtain the C02 for  independent usage i n  the resis tojet  by removing, a t  a 
point ups t r eam of the reac tor ,  that quantity of C 0 2  that will not reac t  i n  the 
Sabatier reactor .  This resul ts  in the duplication of compresso r s ,  regu- 
l a to r s ,  accumulators ,  valves,  etc. If subsequent NR space station studies 
resul t  i n  a par t ia l  C 0 2  reduction, the separate  operation of C 0 2  a t  a higher 
temperature  would not be recommended. 
percent)  does not justify the complexity of a dual system. 

BIOWASTE ACCUMULATORS 

The additional impulse (7 to  8 

In the in te res t  of commality and cost  savings, the space base biowaste 
accumulators  should be the same  s ize  a s  the space station accumulator.  
The additional flow ra t e  for  60 men and the excess  hydrogen mixture will 
necessi ta te  the use of eight accumulators.  Four  of the accumulators will 
be located i n  the hub module near  the ECLSS equipment and the resis tojets  
in  that section; the other four will be located near  the four quads at  the end 
of the local ver t ical  section. All  accumulators will be interconnected. 
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SPACE STATION/BASE COMMONALITY 

The space station biowaste res is tojet  subsystem and the space base  
biowaste res is tojet  subsystem have many common features .  
use biowaste gases  f rom a Sabatier reac tor  operating stoichiometrically,  
with a five-percent excess  of hydrogen. 
accumulator volume is necessary  for the space base ,  due to higher impulse 
requirements  (and biowaste availability), the additional volume will be 
obtained in the space base  by use  of m o r e  accumulators of the s a m e  s ize .  
The range of duty cycles required to m e e t  all the space station requirements  
should provide sufficient variations in usage to simulate the space base 
usage, but on a sma l l e r  absolute level.  
cent of hydrogen in  the base  biowaste gas  mixture  compared with 2 . 5  percent  
in the station mixture .  
tes ted.  

Both vehicles 

Although a different total 

There  will be as much as 10 pe r -  

The effect of the different gas propert ies  should be 

The only other significant difference between the space station and 
space base  biowaste res is tojet  sys tems,  which might require  a delta 
development for  the space base ,  is in the choice of supplemental propellants.  
The space station used as a baseline for this study would use  water  as 
supplemental res i s to je t  propellant, whereas  the space base  would use  
ammonia.  The shuttle-launched space station present ly  under study at NR,  
however, may  utilize hydrazine as a source of nitrogen for  leakage makeup. 
If this were  the case ,  the space base might a l s o  use hydrazine r a the r  than 
ammonia for leakage makeup, and hydrazine would be the supplemental 
propellant in both cases .  
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V.  SPACE STATION/BASE TECHNOLOGY REQUIREMENTS 

Development of the integrated ECLSS-resistojeFCMG sys t em for  the 
space station and space base  does not require  technical breakthroughs.  
There  is a n  adequate technical base to  support a n  order ly  development 
program.  However, there  a r e  a r e a s  that require  special  emphasis.  

F r o m  a technical viewpoint, the key problem in all space station/ 
base  subsystems is the l ifetime requirements ,  par t icular ly  that of demon- 
s t ra t ing the achievement of adequate component l ife.  
space stations (one o r  two) is a s t rong dr iver  for  the selection of s tandard 
hardware for  subsystem assembl ies .  ' 

biowaste res is tojet  development p rogram should add greatly to the data 
bank of component life and failure modes.  

The small number of 

Use of standard hardware in the 

Technology o r  development i s sues  a r e  often assumed to pertain to the 
development of hardware f o r  a specific requirement.  
mus t  be done, of course.  
ment  of various operational modes f o r  the integrated sys tem is required.  
Although severa l  operational modes have been considered in this  study and 
recommendations made ,  the r e a l  effects on interfacing subsystems can be 
determined only f r o m  tes t  resu l t s ,  

This  kind of work 
In addition to  hardware ,  however, the develop- 

Three  specific a r e a s  requiring additional development were  identified 
a s  a resu l t  of this study. They a re  (1) the removal o r  control of water  
vapor f r o m  the Sabatier effluent; ( 2 )  additional th rus te r  development for  the 
use of hydrazine as a supplemental propellant; and (3 )  development of a unit 
to recover  waste water  f rom the solids d r y e r ,  fecal collection subassembly, 
and t r a s h  compactor.  

WATER SEPARATION 

Water vapors in the Sabatier effluent gases  will condense when 
compressed  to the accumulator s torage p r e s s u r e s  and cooled to ambient 
tempera tures .  Subsequent two-phase flow in  the l ines downstream of the 
accumulator could cause control problems or resu l t  in  damage to regulators .  
Several  concepts a r e  presented in Section I11 for  the removal of these water  
vapors o r  for maintaining the water  in the vapor phase.  
studies and t e s t s  should be made to determine which concept should be used 
for the integrated ECLSS- resis tojet  development program.  

More detailed 
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HYDRAZINE THRUSTER 

As a supplemental propellant, hydrazine is not present ly  considered 
a baseline concept for  the space s ta t ion/base biowaste res is tojet .  
selection of hydrazine monopropellant t h rus t e r s  for the medium-thrust  
requirements  (a possibility in space stations under study) would make 
hydrazine a valid option as a supplemental propellant. If the hydrazine were  
passed through a gas  generator at the biowaste thrus te r ,  significant specific 
impulse improvements would be obtained for a minimal  power requirement  
(approximately 300 lb-sec / lb  at 0. 1 pound of th rus t  for  400 watts) .  
the hydrazine is being used as a supplemental propellant, the impulse 
requirement  must  be high, and the power requirement fo r  the resis tojet  is a 
p r e  mium. 

However, 

Since 

The ma jo r  technology i ssue  of this concept is in the thrus te r  valve 
design. 
the valve, the valve (par t icular ly  the valve sea t )  mus t  be designed to with- 
stand relatively high tempera tures  (1100 to  2000 F). An alternative is to  
introduce the hot gases  downstream of the waste gas control valve and provide 
a check valve to prevent  the hot gases  f rom reaching the waste  gas  valve, 
o r  provide some waste gas flow in conjunction with the hydrazine flow. A 
s imi la r  problem, but of l e s s e r  degree,  with respec t  to the s team for water 
usage in the res i s to je t  is under study at  the Marquardt Corporation. 

If the gases  f rom the hot-gas generator  a r e  introduced ups t ream of 

WASTE WATER RECOVERY 

Approximately 10.  7 lb /day  of waste water  has  been identified as 
available f rom the ECLSS water  and waste management assembl ies .  
eve r ,  this water  i s  present ly  vented to vacuum o r  contained in the solids 
d rye r  of the vapor compression subassembly. 
and develop the hardware required to recover  this water  for use in  the 
r e s i s  toj e t.  

How- 

It will be necessary  to design 
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APPENDIX A 

BIOWASTE SUPPLY MODEL 

The Sabatier condenser effluent consists pr imar i ly  of methane and 
hydrogen and secondarily of varying quantities of C02, N2,  H20,  0 2  and 
airborne contaminants. The res i s to je t  sys t em i s  par t icular ly  adaptable 
to  a wide range in the supply model, both in t e r m s  of gases  present  and 
mixture  ratios.  
sys tem relatively simple and the ECLSS interface relatively non-crit ical  
in some respec ts .  
i s  necessa ry  to: 

This property of res is tojets  makes the operation of a r ea l  

However, knowledge of the variation in the supply model 

1. Verify the detailed resis tojet  performance 

2 .  Evaluate the long life charac te r i s t ics  of the resis tojet  (condensa- 
tion, corrosion,  effects) I 

3 .  Verify that only safe gas mixtures  a r e  involved 

4. Evaluate res is tojet  plume contamination on the vehicle and 
environment 

This section of the repor t  presents  a description of the previous r e sea rch  
and the variation in the biowaste model. 

To establish the variation in the resis tojet  supply, the performance 
of the molecular  sieve subassembly, the Sabatier reac tor ,  and the Sabatier 
condenser was studied and the significant r e sea rch  t e s t  p rograms to  date 
w e r e  surveyed. 
variations were  due to specific design problems which can reasonably be 
improved fo r  the station system. Consequently, the proposed design models 
do reflect  performance extrapolation to  a 1977 space station launch. 

It was observed that severa l  of the Sabatier effluent 

The sources  of variation in the resis tojet  supply, exclusive of the 

(1) Sabatier reac tor  
crew,  a r e  identified in Figure A- 1. F igure  A- 1 indicates that the p r imary  
sources  causing variation in the biowaste supply a re :  
performance,  ( 2 )  Sabatier condenser saturated water vapor,  (3)  adsorption 
of cabin gases  in the molecular sieve,  and (4) leakage of cabin gases  into 
the ECLSS/resistojet  sys t em a t  locations which a r e  below the cabin p re s su re .  
The fac tors  which influence the p r imary  sources  a r e  identified in Figure A-1. 
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REACTOR PHYSICAL DESIGN 

CATALYST TYPE AND 
REPLACEMENT FREQUENCY 

THERMAL CONTROL, 
REACTION TEMPERATURE 

RE AC T IO N PRE S S U RE 

C 0 2  FEED RATE 

FEED GAS MIXTURE, 
CO2, H2, IMPURITIES 

CON DENS IN G TEMPERATURE 

CONDE NS ING PRESSURE 

FEED GAS MIXTURE 

ABSORPTION OF 
IMPURITIES BY H 2 0  

CONDENSER DESIGN 
EFFlC IENCY 

N2 ABSORPTION 

IMPURITIES ABSORPTION 

RECYCLE DESIGN 

MOLECULAR SIEVE BED (1 PSIA) 

SABATIER IF BELOW 
CABIN PRESSURE 

Figure  A-1 .  Sources of Variation in the Resistojet  Supply Exclusive 
of the Crew 
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The following significant r e s e a r c h  p rograms  were  surveyed as a bas i s  
for  prediction of the biowaste supply. 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

North American Rockwell/AiResearch Sabatier r e sea rch ,  
1961-1963. 

Integrated Life  Support System (ILSS) 28-Day Tes t ,  NASA Langley. 
General  Dynamics, 1966-1967. 

Manned 60-Day Tes t ,  NASA Langley/McDonnell Douglas, 1969. 

Manned 90-Day Tes t , ’  NASA Langley/McDonnell Douglas, 1970. 

Boeing/NASA Langley Sabatier Research ,  1970. 

Hamilton Standard /NASA -MSC Sabatier Re search ,  19 70. 

AiResearch/NASA-MSC Molecular Sieve Research,  1970. 

These  p rograms  a r e  briefly surveyed in the next sections of this 
repor t ,  concluding with a section on recommended biowaste design models 
for  the station. 

NR SABATIER RESEARCH 

In 1961, 1962, and 1963, NR performed hydrogenation studies a s  a 
par t  of a s e r i e s  of t e s t  p rograms directed toward thermal  and atmospheric  
control sys tems for  manned space flight being conducted under Contract 
A F  33(6 16)-  8323, sponsored by the Aeronautical Systems Division, Wright- 
Pa t te rson  A i r  F o r c e  Base ,  Ohio. 
under subcontract to  NR. 
indicated as Reference 6 and Reference 7. 

The studies were  conducted at AiResearch 
The significant documentation of th i s  study i s  

Resea rch  on four catalysts  i s  presented i n  Reference 6; 67 percent  
nickel on kieselguhr nickel on alumina, platinum on alumina, and thoria  
promoted nickel on zeolite. 
catalyst. 
were  reported in Reference 6. 
for chhnges in reac tor  temperature ,  p re s su re ,  CO2 flowrate and water in 
the feed gases ,  i s  presented in F igures  A-2 through A-5. 
tempera ture  affects c onve r sion efficiency significantly . Greater  conversion 
occurs  at lower tempera tures  (-300 F) ( r e f e r  to Figure A-3),  however, a 
higher tempera ture  is  required to  initiate the reaction. Conversion effi- 
ciency inc reases  a s  reaction p r e s s u r e  increases  and dec reases  as  ‘COz 
flowrate inc reases  and a s  water in the inlet feed increaseses .  

The nickel on kieselguhr was the prefer red  
Carbon dioxide conversion efficiencies of 90  and 95 percent 

The variation of CO2 conversion efficiency 

It is seen that 
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Conversion efficiency of 99 percent  i s  reported in  Reference 7 with 
stoichiometric hydrogen. 
testing. 

No carbon monoxide was detected in  any of the 

ILSS - 28-DAY TEST 

An Integrated Life Support System (ILSS) t e s t  using a 4-man crew and 
a regenerative l ife support system was per formed by General Dynamics and 
NASA-Langley (Reference 8). 
data pr ior  to the ac'tual 28-day t e s t  run (which is reported in  Table 8.2-XVI 

An analysis of the Sabatier acceptance t e s t  

of Reference 8) did not produce reasonable resu l t s .  
below. 

Input : 

output : 

8.77 lb/day 
1.69 lb/day 

67. 5 70 by volume 
4. 5 70 by volume 

28. 0 70 by volume 

4.88 lb/day condensed 

The data  is  summarized 

If the measured condensed water is assumed co r rec t  the C02 conversion 
efficiency is : 

lb H20  5.96 C 0 2  reacted 
= 68% - - 44 

-x  4.88 
36 8.77 CO should reac t  

day 2 

The source acceptance inspection tes t s  reported in Reference 8 identified 
that Sabatier water production was 40 to 60 percent of the theoretical  ra te .  
Problems encountered included leakage of N2 with 21 percent N2 in  the 
Sabatier vent l ine and a temporary  fai lure  in  the precooler which allowed 
FC-75 coolant contamination of the sys tem.  

A typical gas  analysis of the Sabatier system operating normally during 
the 28-day t e s t  was obtained f r o m  Mr. Lenwood Clark (NASA-Langley, 
telecon, August 17, 1970) which i s  l is ted below. 

INPUT: 

H2 
co2 
N2 
0 2  

0.918 lb/day,  17 psia  reac tor  
7. 58 (plus 1. 82 vented before entering r eac to r )  
0. 163 ( a i r  leakage and bed absorbed) 

8. 661 total 

- 164 - 



OUTPUT: 

c 0 2  2.63 lb/day 
N2 0.163 
H2 0.017 
CH4 1.80 
H20 0.074 
co - -  
0 2  - -  

H20 condensed: 3.98 lb/day 

4 .95  GO2 did reac t  = 98 percent 5.05 C 0 2  should reac t  Calculated efficiency: 

60-DAY TEST 

A four-man,  60-day tes t  of an advanced regenerative ECLSS, including 
Sabatier oxygen reclamation, was performed by McDonnell-Douglas under 
contract  to NASA-Langley. The tes t  incorporated a Sabatier reac tor  built 
by AiResearch (Reference 9) .  The resu l t s  of the AiResearch testing indi- 
cated that the reac tor  operated a t  approximately 9 3  percent conversion 
efficiency with stoichiometric reac tor  inlet conditions, and at 96 percent 
when operating with inlet  conditions that a r e  10 percent H2 r ich.  
reac tor  was tes ted a t  p re s su res  f rom 7 to 25 psia.  The condenser t em-  
pera ture  was 45 F. 

The 

An evaluation of desorbates  f rom the molecular sieve used in  the 
60-day tes t  was performed fo r  NASA-Langley a s  reported in  Reference 10. 
The airborne organic contaminants were measured and it was determined 
that approximately 7 .7  ppm per  day were being absorbed by the GO2 removal  
system (based on a 4100 f t3  cabin); 3.52 pprn in  the s i l ica  gel; and 4. 15 ppm 
in  the zeolite molecular sieve bed. 
a r e  not diverted to the Sabatier reactor .  
pass  through the reac tor .  
water condensate a t  the condenser further reducing the impuri t ies  in  the 
res i s to je t  propellant, 
molecular sieve. 
45-minute cycle. 
space station indicates 2 g rams  of contaminants per  day in  the res i s to je t  

The contaminants in  the s i l ica  gel bed 
The contaminants i n  the zeolite bed 

The water soluble contaminants a r e  removed with 

Table A-1 identifies contaminants desorbed f rom the 
A total of 44. 5 mg of Contaminants was absorbed in each 
An approximate extrapolation of this data point to  the 

supply 0 
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90-DAY TEST 

A four-man,  90-day t e s t  (completed in September 1970) of a regenera-  
t ive ECLSS was performed by McDonnell-Douglas under contract  t o  NASA- 
Langley. The t e s t  incorporated a Sabatier reac tor  built by AiResearch, a 
condenser built by Langley, and a solid amine C02 removal system. A 
molecular  sieve CO2 removal sys t em was utilized the last two weeks of the 
tes t .  
and increased l a t e r  to  11 psia  to obtain increased  efficiency when leak-proof 
integrity had been verified. The Sabatier 
condenser tempera ture  was 40 F. 

The Sabatier unit was air cooled and was operated a t  9 psia  initially 

Cabin test p r e s s u r e  was 10 psia. 

A nominal Sabatier gas analysis for  operatian with the solid amine 
sys t em was obtained f r o m  Mr .  Otto Trout (NASA- Langley, telecon, 
August 19, 1970) and is l is ted below. 

INPUT: C 0 2  8.4 lb /day  

HZ 1.2 

CONDENSER 70 by V O ~ .  70 by wt. lbs /day  

OUTPUT: GO2 37.5 0.6168 3.306 

0 . 7  0.0005 0.0027 
H Z  

CH4 58.2 0.3480 1.865 

2 . 9  0.0303 0.162 N2 

0.1 0.0011 0.006 
O2 

00.5 * Z O  
0.00336 0.018 

5.36 lb/day 

Water condensate = 4.24 lb/day 

The  weight flowrate in the condenser effluent was  calculated by a mass 
balance on the input and output carbon which resul ted in a total  gas  flowrate 
of 5. 36 lb/day. The water  condensate was calculated as the difference 
between the input weight flow and the effluent gas  flow. 
efficiency is. calculated as shown below. 

The C 0 2  conversion 
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I 8.4 - 3. 3 = 5. 1 CO2 did reac t  

44 
8 2 2 -x 1 . 2  lb H /day = 6 . 6  CO should r eac t  

The theoret ical  water  production based on the C02 reaction is 4. 17 lb/day 
which is in reasonable agreement  with the calculated 4.24 water  production. 

Some problems experienced during the program included F reon  113 
contamination due to a leakage fai lure  and a fai lure  of the KOH electrolysis  
sys t em resulting in a smal l  H2, 0 2  f i re .  To avoid any buildup of 0 2  in the 
C02 accumulator o r  H2 accumulator ,  the C02  is passed through charcoal  
and the H2 passes  through "deoxo" units to remove 0 2  fo r  safety reasons.  
Installation of these f i l t e rs  thus l imits  0 2  in the Sabatier and biowaste 
supply * 

Nominal oxygen recovery system performance fo r  the 90 -day tes t  
f rom Reference 11 identifies a Sabatier efficiency of 90 percent.  
Sabatier gas  analysis  for  the period of t ime af te r  switchover to the molecular  
sieve could not be obtained in t ime to.include in this report .  
should be of par t icular  in te res t  with regard  to potentially adsorbed N 2 ,  0 2  
and contaminants. 

A 

The data 

B OEING /LANGLEY RESEARCH 

A significant r e sea rch  program was conducted by Boeing for  NASA- 
Langley to design and tes t  a hydrogen plasma reac tor  for  decomposition of 
methane to acetylene (C2H2) and hydrogen and to design and tes t  a Sabatier 
r eac to r  (Reference 12). A C02  conversion efficiency of 99.89 percent was  
obtained using 30-percent hydrogen excess  and a ruthenium and alumina 
catalyst .  In addition, previous Boeing tes t s  with similar r eac to r s  indicated 
CO2 conversion efficiencies of 99.5 percent o r  higher a t  30-percent hydrogen 
excess .  

The performance of a 4-man Sabatier reac tor  as a function of H2 feed 
i s  given in F igure  A -6. 
m e t r i c  H2 and increased  rapidly to approximately 99  percent for  5-percent 
H2 excess .  
r eac to r  decreased the conversion efficiency to approximately 90 percent a t  
10-percent excess  H2 a s  shown in Figure A-7. 
design of the 4-man reac tor  improved the conversion efficiency to approxi- 
mately 96 percent  a t  10-percent excess  H2. 

Conversion efficiency was 96.5 percent a t  stoichio - 

Increasing the C 0 2  flowrate to that corresponding to a 9-man 

Modifying the insulation 

Per communication with 
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n c 
99 

98 

4-MAN SABATfER REACTOR 

97 

96 
1.6 1.7 1.8 1.9 2. 0 2. 1 2.2 2.3 

HYDROGEN FEED (LB/DAY) 

Figure  A-6. Sabatier Reactor  Performance - Four-Man System 

Mr.  R .  K .  A m e s ,  a t  Boeing, September 14, 1970, i t  was verified that 
operating a Sabatier reac tor  a t  l e s s  than i t s  design C 0 2  f lowrate  should 
resu l t  in a negligible increase  in efficiency. Consequently, operating a 
station 12-man Sabatier f o r  a 6-man CO2 flowrate should not cause an 
observable difference in C 0 2  conversion efficiency. 

HAMILTON STANDARD/MSC RESEARCH 

Hamilton Standard, under contract  NAS9-9844 to NASA-MSC, built a 
12-man s ize  Sabatier reac tor  and performed testing and r e sea rch  for  the 
purpose of developing a comprehensive analytical model (Reference 13). 
The f inal  report  of this contract  has  not been re leased  a s  of this date;  
however,  the gas  analysis  l is ted below and process  efficiency was obtained 
f r o m  M r .  A .  Brouillet  (Hamilton Standard, telecon, September 15, 1970). 
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Figure  A-7. Sabatier Reactor Per formance  - Nine-Man System 
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I CASE 1: 18-19y0 H2 Excess  11 CASE 2 :  STOICHIOMETRIC H2 

INPUT: H2 0.83 mole fraction INPUT: H2 0. 805 

C 0 2  0 . 1 7  CO2 0.195 

OUTPUT: C 0 2  0.0032 

0 .204  

CH4 0 .269  

H 2 0  0.525 

HZ 

OUTPUT: C02  0.031 

H2 0 . 1 1 7  

CHq 0. 300 

H 2 0  0.552 

I Efficiency: 98. 870 II Efficiency: 91% 

The program purpose was to develop modeling relations. 

The Sabatier unit was  not optimized f o r  space station performance. The 
relation developed for  the conversion efficiency of C 0 2  fo r  H2 r ich  c a s e s  
was  : 

r 
I =.- 

where  

I = CO2 conversion efficiency 

CH mole fraction 

CO mole fraction 
4 

2 
r =  

The relation developed fo r  the 
cases  was:  

conversion efficiency of H2 fo r  C 0 2  r ich 

4 r  I=- 
1 t 4 r  

where 

CH mole fraction 

H2 mole fract ion 
4 

r =  
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AIRESEARCH MOLECULAR SIEVE DESIGN STUDY 

AiResearch Manufacturing Company is currently involved in molecular  
sieve design studies. 
s ta tus  repor t  (Reference 14) and identifies N2 adsorbed on Linde 5A mole-  
cu lar  sieve a s  a function of the inlet N 2  par t ia l  p ressure .  
N2  p r e s s u r e  is  11.6 psia o r  600 mm Hg and the molecular sieve bed-weight 
is approximately 35 pounds. Based on Figure  A-8, the station will adsorb 
0.28 lb  N2 per  cycle resulting in 4.2 lb/day of N 2  adsorbed by the zeolite. 

F igure  A-8  is abstracted f rom the 15th monthly 

The space station 

The zeolite bed is pumped down f r o m  the cabin p re s su re  of 14 .7  psia 
to 1 psia  total  p re s su re .  During this phase, the g a s  volume trapped in the 
zeolite canis ter  and most  of the adsorbed N2 is  re,cycled to the inlet  to the 
active molecular  sieve ra ther  than desorbed direct ly  to the C 0 2  accumulator.  
This  recycling phase of desorption is done to improve the purity of C02  to 
the Sabatier reac tor .  
s ame  0 2 ,  N 2  mixtures  a s  a i r ,  the N 2  par t ia l  p re s su re  would be 0 .79  psia  
o r  41 mm Hg. F r o m  Figure  A -8,  the N 2  adsorbed is  0 . 4  lb/100 lb  of 
zeolite o r  0.  14 lb  N2 f o r  a 35-lb station bed. 
molecular  sieve per  day,  2 . 1  l b  Nz/day would be desorbed to the CO2 
accurnulato r e 

Assuming the gas  in the zeolite bed a t  1 psia has  the 

Considering 15 cycles of the 

The adsorption of oxygen on Linde 5A zeolite a s  a function of the inlet  
0 2  par t ia l  p r e s s u r e  is shown in F igure  A-9,  which was abstracted f r o m  the 
16th monthly s ta tus  repor t  (Reference 14). 
i s  3 .1  psia o r  160 mm Hg. Based on a 35-pound molecular  sieve bed-weight 
and the data of F igure  A - 9 ,  the station will adsorb  approximately 0.05 lb  
of 0 2  pe r  cycle resulting in 0 . 7  lb/day of 0 2  adsorbed by the zeolite. 
the canis ter  is pumped to 1 psia i t  i s  estimated that 0 .007  lb of 0 2  will be 
adsorbed in a 35-lb bed resulting in 0.1 lb/day 0 2  desorbed to the C02 
accumulator.  Charcoal f i l t e r s  will  probably be required in the C 0 2  accumu- 
la tor  feed line due to safety requirements  to avoid H2 and 0 2  being in contact. 
Consequently, the resis tojet  supply will not receive this oxygen. 

The space station 0 2  p r e s s u r e  

When 

I t  should be noted that the adsorption curves of F igures  A-8 and A-9 
cannot be applied separately.  
a r e  required fo r  an accura te  evaluation. However, inasmuch as the 0 2  is  
not adsorbed to a significant extent (approximate magnitude 2 7 0 2 :  6N2 :102) 
the coadsorption curve of F igure  A-8 f o r  C02  and N2 should be reasonably 
applicable to the station. 

Coadsorption curves  for  CO2, 0 2 ,  and N2 
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SABATIER CONDENSER WATER 

The water-vapor  effluent f r o m  the Sabatier condenser is pr imar i ly  a 
function of the condensing temperature  and pressure .  
p re s su re ,  different gas  mixtures  cause changes in  the quantity of water  
vapor. 
The integral  f o r m  of Clapeyron's equation fo r  the saturation p r e s s u r e  of 
water  utilized in the calculation is given below. 

However, f o r  a given 

A computer program was generated to perform these calculations. 

492 
= 0. 08854 EXP - 0.554111 T-492 

pH20 

The weight of water  in the effluent is 

x R  X W  
p ~ , ~  gas gas  

L - - 
wH 0 85.58 (PTotal - PH o) 

2 
2 

where:  

P = water  vapor par t ia l  p re s su re  
H2° 

P = condenser total  p r e s s u r e  
to ta l  

W = weight of d ry  gas  in condenser 
gas  

R = gas constant fo r  d ry  gas  mixture  
gas  

where:  

Xi = weight f ract ion of d ry  gas ,  ith component 

R~ = gas constant of ith component 

F o r  variation in the condenser temperature  f r o m  40 F to 70  F and p r e s s u r e  
f r o m  10 psia  to 20 psia the water  vapor in the biowaste supply va r i e s  f r o m  
0. 1 to 0. 6 lb/day. 
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CONCLUSIONS 

The Sabatier condenser outlet on the station will consist  of CH4, Hz,  
CQ2, N 2 ,  0 2  and t r ace  contaminants. 
identified no CO, C ,  o r  C2 H2. 
in the biowaste model is l is ted in Table A-2. The nominal design model 
presented in Table A - 2  is expected to represent  nominal continuous p e r -  
formance of the Sabatier subassembly. 
formance  model" is  intended to represent  a lower CO2 conversion efficiency 
and an increased  amount of impuri t ies  in  the biowaste supply. 
performance model is intended to represent  a higher CO2 conversion effi- 
ciency and a minimum amount of impuri t ies  in the Sabatier effluent. 
range of HZ in the biowaste supply is related to the GO2 and CH4 and l a r g e r  
variation in H2 can occur as described la te r .  
in the biowaste supply were  identified in Table A- 1. 

A review of Sabat ie r  r e sea rch  
A summary  review of the expected variation 

The nomenclature "minimum pe r  - 

The maximum 

The 

Typical t r a c e  contaminants 

Nominal Long-Duration Model 

The nominal Sabatier performance condition is defined as 99 percent  
CO2 conversion a t  5-percent excess  H2 over  stoichiometric conditions. 
The 99-percent conversion efficiency is an est imate  fo r  the station Sabatier 
hardware and is extrapolated pr imar i ly  f r o m  the resu l t s  of Boeing (Refer -  
ence 12) ,  AiResearch (Reference 7) and the Space Station Phase  B P r o g r a m  
(Reference 1). 
outlet saturation tempera ture  a t  15 psia which is the design condition 
reported in Reference 1. 
mar i ly  f rom the N2 adsorption on zeolite fo r  the station molecular sieve 
based on work by AiResearch (Reference 14). 
also partially substantiate this  conclusion about N2. 
supply a s sumes  a station sys tem configuration similar to the 90-day tes t  
p rogram (Reference 11) in which O2 f i l t e rs  are placed on the inlet CO2 and 
H2 supplies,  
f i l t e r s  will l imit  the 0 2  in the biowaste supply. 

The water  in the biowaste supply is based on a 54 F condenser 

The N 2  in the biowaste supply i s  es t imated p r i -  

The 90-day t e s t  resu l t s  
The O2 in the biowaste 

The zeolite beds will  adsorb some 0 2  (Reference 14), however,  

The t r ace  contaminants in the biowaste supply a r e  estimated f r o m  
Reference 10 as descr ibed in the previous section of this r epor t  on the 
60-day test .  

The nominal model is calculated as follows: 

C 0 2  t 4H 4 2H20 t CH4 
2 
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C 0 2  input = 27.0 lb/day (12-man crew) 

CO reacted = 27.0 x 0.99 = 26.73 lb/day 

C 0 2  output = 0.27 lb/day 

2 

8 
H input = -x 27 x (1.05) = 5.154 lb/day 

2 44 

8 
2 44 

2 

H reacted =. -x 26.73 = 4.860 

H output = 0.294 lb/day 

CH4 output = - x 26.73 = 9.720 lb/day 16 
44 

36 
2 44 H 0 output = - x 26.73 = 21.87 lb/day 

0.4 lb  N 2  

100 lb  bed 
x 35 lb  bed N adsorbed in zeolite bed = 

2 

cycles  lb  
x 15 = 2.1- 

day day 

Referr ing to F igure  A-8 i t  is noticed that data sca t te r  a t  30 to 40 mm Hg 
could justify using 1 / 2  of the value of the drawn curve 

2.1 lb/day x 1 /2  = 1.05 lb/day 

Oxygen in the Sabatier effluent was  reported in the 90-day t e s t  a s  
0.006 lb/day. 

Scaling to the station on the basis  of CO2 process  ra te :  

2 7 ' 0  x 0.006 = 0.0193 lb/day O2 
8.4 

2 g rams /day  
453 gm/ lb  

= 0.0044 lb/day T r a c e  contaminants = 
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Variation in the Biowaste Supplv 

Gas Composition 

Nominal model 

Carbon Dioxide, Hydrogen, Methane 

P r e s s u r e  Tempera ture  Biowaste 
Water 

10 70 0.5412 

( p s i 4  (F) 

The C 0 2  conversion efficiency may vary  to a minimum of 90 percent 
and a maximum of about 99.5 percent (estimated f r o m  the l i t e ra ture  review 
included in this report) .  
va ry  f rom stoichiometric to 10-percent rich. 
CH4 is predicted f r o m  the reaction equation utilizing the variation in  effi- 
ciency stated above. 
would be 0.734 lb  H2/day a t  a 90-percent conversion efficiency and 0.274 lb  
H2/day a t  a 99.5-percent conversion efficiency. 

The H2 supply for  the NR space station could 
The variation in  the product 

F o r  a H2 input of 5-percent over  stoichiometric,  there  

I 10 I 40 

Water 

0,08778 

The water  in the biowaste supply will va ry  due to the condensing 
tempera ture  and p res su re  and the composition of gases  in the condenser.  
The  condensing temperature  may vary f rom 40 F to 70 F. 
p r e s s u r e  fo r  the station m a y  va ry  f r o m  10 psia  to 20 psia. 
sition will  va ry  as descr ibed in this section. 
l is ted below for  s eve ra l  cases .  

The condensing 

The variation in the water  is 
The gas compo- 

Variation in Biowaste Water 

Min performance 

Max performance 

Nitrogen 

10  
20 

10  
20 

70 
40 

70 
40 

0.651 1 
0.1056 

0.6322 
0.1024 

The N2 in the biowaste supply due to adsorption in the zeolite may 
va ry  f r o m  0.5 to 4 .0  lb/day (based on Figure  A-8) .  
desorption operation is a two-phase operation. 
a tmospheric  gas  filling the void volume in the zeolite canis ter  is cycled to 
the active adsorbing bed and the canis ter  p r e s s u r e  is  reduced to one psia. 

The molecular sieve 
In the f i r s t  desorbing phase,  
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This  low p r e s s u r e  causes  par t ia l  desorption of air and CO2 which is recycled 
with the void gas  volume. This  ullage and adsorbed air recycling is done to 
ensure  delivery of high-purity CO2. 
to the Sabatier subassembly depending on the completeness of this recycling 
phase. 
to the CO2 accumulator and heat is applied to the zeolite to aid desorption. 

A i r  and contaminants will be delivered 

The second phase of desorbing diver ts  the compressor  discharge 

Nitrogen can also enter  the system by means  of inward leakage f r o m  
the cabin through plumbing fittings and connections where the molecular 
s ieve,  Sabatier, or res is tojet  subsystems a r e  at p r e s s u r e s  lower than the 
cabin. 
and as such is candidate fo r  leakage. 
to the cabin par t ia l  p re s su re  m o r e  than 10  lb/day could resul t .  
assumed that l a rge  leakage r a t e s  of N2 would be  considered a fa i lure  and 
repa i red  and consequent13 f o r  purposes of the biowaste model, the N2 p r e -  
dicted f r o m  adsorption in the zeolite should "bound" the N 2  variation. 

The zeolite bed and the l ine leading to the compressor  is at 1 psia  
If N2 leaked into the sys tem equivalent 

I t  is 

Oxygen 

The O2 in the biowaste supply will vary  f r o m  approximately 0 .005  to 
0.  10 lb /day  based on Reference 14. 
will be l imited by application of f i l t e r s  f o r  safety reasons.  

The quantity of 0 2  in the Sabatier inlet  

T r a c e  Contaminants 

The t race  contaminants require  fur ther  study to define meaningful 
variations.  
resu l t  of fa i lures .  

Temporary  l a r g e r  quantities of contaminants m a y  exist  as a 
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