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PREFACE 

This  repor t  is  submitted to the National Aeronautics and Space Adminis- 
t r a t ion ' s  Langley Research  Center (NASA-LRC), Langley AFB, Virginia. It 
has  been prepared  under Contract No. NAS1-6702 and desc r ibes  the resu l t s  
of a detailed a s ses smen t  of the use  of a resis tojet  control sys t em for  the 
MORL. 

The study resu l t s  a r e  documented in five volumes: 

DAG - 58 13 0 I Summary 
DAC-58131 I1 Resistojet  Control System Analysis 
DAC- 58132 111 Biowaste Utilization 
DAC-58133 IV Ground and Flight Test  P lan  
DAC-58134 V Resis tojet  Design and Development 

Volume I is  a summary  r epor t  i n  which the significant resu l t s  a r e  p re -  
sented. 
control system, the recommended orbit injection system, the supporting sys  - 
t e m  analyses  and integration, and comparative evaluation data.  Volume 111 
presen t s  the biowaste utilization analysis.  
flight test program f o r  a res i s to je t  control system. Volume V presents  the 
r e su l t s  of the resis tojet  design and development program.  
be provided i n  a separately bound addendum to Volume V at the conclusion of 
the life tes t .  

Volume I1 contains a detailed definition of the selected res i s to je t  

Volume I V  detai ls  the ground and 

Life t e s t  data will 

Requests fo r  fur ther  information concerning this  repor t  will be welcomed 
by the following Douglas representative: 

Mr. T. J. Gordon, Director,  Advance Space 
and Launch Systems 
Huntington Beach, California 
Telephone: 714-897-03 11, Extension 2994 
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i 

... 
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FOREWORD 

Units, abbreviations, and prefixes used  i n  this  r epor t  correspond to the 
International System of Units (SI) as prescr ibed by the Eleventh General  
Conference on Weights and Measures  and presented in NASA Report  SP- 7012. 
The basic  units f o r  length, mass, and t ime a r e  me te r ,  kilogram, and second, 
respectively.  Throughout the report ,  the English equivalent (foot, pound, 
and second) a r e  presented for  convenience. 

The SI units, abbreviations, and prefixes most frequently used in  this 
repor t  a r e  summar ized  below: 

Basic Units 

Length m e t e r  
Mass  kilo gram 
Time s ec 
Elec t r ic  cu r ren t  ampe re  
Tempera ture  degree Kelvin 

Plane angle 

A r e a  
Volume 
F r e  que nc y 
Density 

Velocity 
Angular velocity 
Acceleration 

Angular accelerat ion 

F o r c e  
P r e s  s u r e  
Kinematic viscosity 
Dynamic vis c os ity 

Supplementary Units 

r adi an 

Derived Units 

m 
kg 
S 

A 
OK 

r a d  

square meter  
cubic meter  
he r t z  
ki logram per cubic 

me te r  per second 
radian per second 
me te r  per second 

radian per second 

newton 
newton per sq m e t e r  
sq m e t e r  per second 
newton- second p e r  

m e t e r  

s qua r e d 

squared 

s q  meter  

2 m 
3 m 

Hz ( s -  

kg /m 
m / s  
r a d  

2 m / s  

r a d /  s 
N (kg-m/  s 2, 
N / m 2  
m 2 /  s 

N - s / m 2  
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Work, energy, quantity of heat  
Power  
Elec t r ic  charge 
Voltage, potential difference, 

electromotive fo r ce 
Elec t r ic  field strength 
Elec t r ic  res is tance 
Elec t r ic  capacitance 
Magnetic flux 
Inductance 
Magnetic flux density 
Magnetic field strength 
Magnetomotive force 

Fac tor  by 
which unit 

is  multiplied 

joule 
watt  
coulomb 

volt 
volt p e r  m e t e r  
ohm 
farad  
weber 
henry 
t e s l a  
a m p e r e  per  m e t e r  
ampe r e  

Pref ixes  

Pref ix  

mega  
kilo 
centi 
milli 
m i c r o  

J 
W 
C 

V 
V / m  
sz 
F 
Wb 
H 
T 
A / m  
A 

Symbol 

M 
k 

m 
cc 

C 

v i  
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DEFINITZON O F  A RESISTOJET CONTROL SYSTEM FOR 
THE MANNED ORBITAL RESEARCH LABORATORY 

FINAL REPORT 

VOLUME 111 - BIOWASTE UTILIZATION 

By A. Pisciotta,  J r . ,  R. V. Greco, and R. M. Byke 

INTRODUCTION 

The biowaste utilization analysis is one phase of a study to  define a 

This analysis was conducted in  paral le l  with the evaluation of 
res i s to je t  control sys tem for  the Manned Orbi ta l  Research  Laboratory 
(MORL). 
ammonia (NH3) and hydrogen (H2) resistojet  sys tems.  
th rus t  level, duty cycle, location, and ar rangement  a r e  the same as those 
defined for  the HZ sys tem and the recommended NH3 sys tem reported in  
Volume 11. Where feasible, the study was conducted to provide paramet r ic  
data that  would be generally applicable to a range of mission and vehicle 
pa rame te r s .  To permi t  the biowaste thrustor  sys tems to be compared i n  a 
useful manner  with other  candidate systems, the design points and selection 
c r i t e r i a  a r e  based on a specific mission and a baseline vehicle: the MORL 
miss ion  as  defined in  ref. 1 and the baseline vehicle a s  defined in ref. 2. 

Requirements such as 

Although the biowaste res is tojet  is an at t ract ive candidate, i ts  present  
use in  the baseline MORL is severely penalized by the oxidizing nature of the 
biowaste propellants. Basic research  i s  therefore  necessary  to develop 
oxidation- res is tant  thrustor  mater ia ls  that can withstand long periods of 
operation at tempera tures  of 1600°K (3000OR) o r  higher. 
the vehicle and mission objectives should be performed fo r  each application 
and specific c r i t e r i a  established for  assessment  of biowaste res is tojet  
applicability. 

A detailed study of 

In the following pages, the type, quantity, and composition of the useful 
biowastes a re  defined, and collection penalties a r e  determined. Candidate 
thrus tor  sys tems a r e  defined and evaluated in regard  to performance and 
power requirements.  The optimum biowaste thrus tor  sys tem is then com- 
pared with the H2 and NH sys tems for the MORL mission. 
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ENVIRONMENTAL CONTROL AND LIFE SUPPORT (EC/LS)  

SYSTEM DESCRIPTIO N 

The baseline EC/LS sys t em is designed to support  a s ix-  to nine-man 
crew.  
be converted i n  serv ice  to a c losed-02  cycle. 
open-loop sys t em i s  shown in  fig. 

The sys tem opera tes  basically on an open-oxygen ( 0 2 )  cycle, but may 
A simplified schematic  of the 

1. 

The laboratory atmosphere i s  50% O2 and 5070 N 
48. 2 k N / m 2  (7 psia) .  
sieve beds controls the level  of carbon dioxide (C02) .  
and, thus, regenerated by the application of waste heat  to the bed ma te r i a l  
and simultaneous exposure direct ly  to  space.  
trolysing resupplied water  and excess  metabolic water  into 0 2  and H . 
H2 is discharged f r o m  the electrolysis  ce l l s  at a p r e s s u r e  of 272 kNfm2 
(39. 5 ps ia )  and vented overboard.  
and H2 outputs may be readily collected and s tored  f o r  use  as propellants.  
In addition, a sufficient amount of water is i n  the f eca l  m a t t e r  to war ran t  its 
consideration as a propellant candidate. In the baseline system, water  sub- 
l imes  f r o m  the feca l  waste and is  vented direct ly  overboard.  
uti l ize the fecal  water ,  the waste-collection sys tem mus t  be changed so that 
the wa te r  is separated,  vaporized, subjected to catalytic combustion, con- 
densed, and s tored.  

a t  a total p r e s s u r e  of 
A circulation loop with adso rb fdeso rb  molecuiar -  

The beds a r e  desorbed 

0 2  makeup is  provided by elec-  
The 

In the open-loop sys tem,  the gaseous C 0 2  

In o r d e r  to 

Closed 02 -cyc le  operation may be accomplished by the addition of a 
Bosch hydrogenation reac tor ,  a s  shown in fig. 2. In the closed-loop sys -  
tem,  the GO2 and H2 a r e  recombined to produce carbon (in the f o r m  of fine 
powder) and water .  No potential propellant candidates a r e  available, except 
f o r  the fecal  water .  Although water  resupply is eliminated (for the s ix-man 
sys tem) ,  propellants must be resupplied. 
vide a complete closed 02-regenerat ion loop for  a nine-man crew because 
the hydrogenation r eac to r  is s ized for  only s ix  men;  thus, make-up water  
must be resupplied f o r  l a r g e r  c rews .  

The baseline sys t em does not pro-  

The detailed input-output mass balance f o r  the open-loop sys t em i s  
shown i n  table 1. Examination of the outputs shows that  only the C02,  H2, 
and f eca l  water  exis t  i n  sufficient quantity and a r e  controlled enough to be 
considered pract ical  res i s to je t  propellants. Chemical analyses of the appli- 
cable biowastes (H2, C02, and fecal water) a r e  shown in table 2. The analy- 
s e s  for  H2 and C02 a r e  based on limited tes t  data supplied by the processing 
equipment manufacturers  (electrolysis cel ls  - -General  Elec t r ic  Company; 
molecular  sieve - -Hamilton Standard Division of United Aircraf t  Corporation).  
The GO2 is 9870 pure and acceptable f o r  res i s to je t  u s e  as an  oxidizing pro-  
pellant. 
deposit  on heat-exchanger components and c rea t e  difficulties. 

The fecal  water  is  99t7'0 pure, but does contain solids which can 
The H2 is 
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Table 1 

MORL METABOLIC MASS BALANCE 

(Open-loop system; s ix-man crew)  

Item 

Supplies 

Dry food 

N2  

H2° 

Biowaste s 

co2 

H2 

Available H 2 0  

Fecal H 2 0  

Fecal  solids 

Urine solids 

H20 and N vapor 2 

N and 0 leakage and 
miscellaneous 10s s e  s 2 2 

Mass  balance 

kg/day 

4 .35  

0. 59 

5. 18 

10.12 

6 .46  

0. 73 

0. 0 

0. 74 

0. 26 

0.43 

0. 04 

1. 46 
10.12 

lbm /day 

9 . 6  

1. 291 

11.402 

22. 293 

14.22 

1. 613 

0. 0 

1. 62 

0.57 

0.954 

0. 096 

3.22 

22.293 

only 94% pure and contains a sufficient amount of oxidizing contaminants to 
war ran t  its classification as an oxidizing propellant, as opposed to  propellant- 
grade cryogenic H which is nonoxidizing. 2’ 
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BIOWASTE COLLECTION AND STORAGE 

Various methods were  evaluated for collecting the biowaste outputs, 
The evaluation was per formed parametrically with p r e s s u r e  up to 
1034 kN/mZ (150 psia).  
the bas i s  of (1) minimum collection-power penalties and (2)  and evaluation of 
res i s to je t  performance character is t ics .  In general ,  the c r i t e r i a  were  to 
minimize power, volume, and weight (in the o rde r  s ta ted)  and to avoid undue 
sys tem complexity. 

The collection sys tems were  selected pr imar i ly  on 

Carbon Dioxide 

By compression pumping, C 0 2  can be collected instead of being vented 
to space.  Pa rame t r i c  analyses show tha.t pumping power requirements  
i nc rease  with p re s su re .  This effect, however, is offset by res i s to je t  power 
requirements ,  which decrease  with increasing p res su re .  Accumulator 
weight and volume also decrease  with increasing p r e s s u r e  (for constant 
available propellant capacity). 
resulted in  the selection of 1034 kN/m2 (150 psia)  f o r  the C 0 2  accumulator 
p r e s s u r e .  
tion system. 

Evaluation of these interdependent effects 

This design point was used to es tabl ish the C 0 2  biowaste collec- 

F o r  purposes of this design, the C 0 2  accumulator was assumed to be 
pa r t  of the propulsion system, because its capacity i s  based upon propulsion 
sys t em requirements .  Also, the accumulator p r e s s u r e  was assumed to be 
constant a t  1034 kN/mz.  Actually, the accumulator p r e s s u r e  will vary  
between 1034 kN/m2 and the minimum thrus tor  operating p res su re  because 
the C 0 2  use can exceed the accumulator f i l l  ra te .  
a slightly conservative est imate  of the C 0 2  pumping power requirements  and 
was made to simplify the design interface.  

This assumption leads to 

Two identical a tmospheric  purification loops a r e  used on the MORL, one 
for  the main laboratory and the other for  the hangar / tes t  a r ea ,  as shown in 
fig. 3. 
phere f o r  each compartment.  
available to the c rew should one become uninhabitable for  any reason.  
fore ,  two compression units a r e  required for  the C 0 2  collection system. 

The loops  a r e  interconnected s o  that e i ther  can purify the atmos-  
This redundancy always makes  a compartment 

There-  

The selected C 0 2  collection system (shown in fig.  4 )  consis ts  of three 

The molecular-  
pumping s tages  and four heat-exchanger passes .  
identical and is designed for  a 4. 25: 1 compression ratio.  
sieve canis ter  p re s su re  and the pumping m a s s  flows a r e  constantly 
changing during these phases, resulting in varying power requirements ,  

Each pumping stage is 

9 
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as shown in  table 3. 
power required during the par t icular  pumping phase. The overal l  desorption 
cycle  is  40 min, and the re  a r e  36 cycles pe r  day. 
all average power penalty of 150 wat ts ,  chargeable  to  the biowaste propulsion 
sys t em,  as i s  shown in  the last column. Even  though two C 0 2  collection s y s -  
tems a r e  required for MORL, one for the laboratory and one for  the hangar /  
t e s t  a r e a ,  the total power penalty remains  150 wat t s .  The r eason  for  this is 
as follows: If all six c rewmen  a r e  located i n  e i ther  the laboratory o r  the 
hangar ,  only one CO2-removal sys tem will be operating and 36 desorption 
cyc les  of 40-min duration will occur  each day. 
the laboratory and the hangar ,  both se t s  of molecular s ieves  will be adsorbing 
C 0 2  below the design rate.  
because the control sys tem is based upon the par t ia l  p r e s s u r e  of C 0 2  in  the 
a tmosphere ,  and the desorption cycle does not begin until the bed is fully 
loaded. A 40-min desorption cycle  then follows, r ega rd le s s  of the length of 
the preceding adsorption cycle. Since the hangar and laboratory C 0 2  removal  
sys t ems  a r e  independent of each  o ther ,  it follows that it is possible that 
desorption cycles will occur  simultaneously; however, the total  number of 
desorption cycles over  a long period of t ime will average out to  the s a m e  
36/day,  regardless  of how the c r e w  occupies the two MORL compartments .  
Therefore,  the power penalty for  only one C02 pumping sys t em is a s ses sed .  
The three pumpout phases,  identified in Table 3, contribute to the pumping 
power requirement in the following manner .  

ullage atmosphere f r o m  the desorbing molecular-  sieve canis te r  to the 
adsorbing molecular-sieve canis ter .  This will requi re  an  average  of 20 watts 
for  10 min. 

( 2 )  Heated desorption, in which all three s tages  pump to the accumulator,  

The first column in  the table r ep resen t s  the average  

This resu l t s  in  an  ove r -  

If the c r e w  is spli t  between 

The adsorption cycle will automatically inc rease  

(1) Ullage pumpout, in which the f i r s t  two s tages  a r e  used  to pump the 

with the desorbing molecular-s ieve bed being heated. 
average  of 230 watts for  20 min. 

Cooled desorption, in which al l  three s tages  pump to the accumulator,  
with the desorbing molecular sieve being cooled. 
age of 120 watts for 10 min. 

This will requi re  an  

( 3 )  
This will require  an  a v e r -  

Table 3 

PUMPING POWER REQUIREMENTS- -C02  COLLECTION 

~~~~ ~ 

Pumping phase 

Ullage pumpout 

Heated desorption 

Cooled de sorption 

Overall  

Average power 
requi red  (W)  

20 

230 

120 

N / A  

Time 
(min) 

1 0  

20 

10 

40 

Time 
(70 of cyc le)  

25 

50 

25 

100 

- 

Average power 
penalty (W)  

5 

115 

30 

150 

- 
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The addition of the C 0 2  collection sys tem increases  the net weight of the 
The system has the capability to collect  a l l  the hardware by 9. 1 kg (20 lbm). 

GO2 produced by the c rew,  a total of 6. 5 kg/day (14. 22  lbm/day).  If it 
should be desirable  to collect  l e s s  than the maximum available,  the fixed 
hardware  weight will not change. 
decrease.  
150 watts a t  6. 5 kg/day collected,  as shown in fig. 5. 
fo r  no collection occurs  because the ullage-pumpout portion of the cycle would 
s t i l l  be necessary ,  even if the C02  i s  dumped overboard. 
dump C 0 2  overboard is retained in the collection sys tem in case  all of the 
available C02  i s  not required to meet  the daily impulse requirements .  
collection system a lso  retains  the capability of the baseline sys tem to be con- 
ver ted to a closed-locp system. 
qualification of 0 2  regenerat ion hardware for  advanced missions.  

However, the pumping power penalty would 
The power penalty is linear f rom 5 watts at zero  C 0 2  collected to 

The 5-watt penalty 

The capability to 

The 

This feature provides a means -of-flight 

Hydr og e n  

Two methods of H2 collection were evaluated: (1) compression of the 
H2 af ter  i t  leaves the electrolysis  cells and ( 2 )  operation of the ce l l s  at a 
p r e s  s u r e  sufficient to provide the desired s torage pressure .  Cell  operation 
at high p res su re  is achieved by means of pumping the feed water and r e f e r -  
encing the ent i re  e lectrolysis  ce l l  operation to this pressure .  

Because of the nature of the cel l  design, the H2 is automatically pro-  
vided at a p res su re  7 kN/m2 (1. 0 psia) above the water pressure .  Water 
pumping requirements  a r e  of shor t  duration and demand considerably l e s s  
power than gas  compression. Also, significant volume advantages resul ted 
at a minimal  weight increase  with the high-pressure electrolysis  ce l l  tech-  
nique. 
ated and were  most  significant a t  the higher p re s su res .  

These advantages were notable throughout the p r e s s u r e  range evalu- 

The selected H2 collection method cons is t s  of operating the ent i re  water  

Two changes a r e  required to 
(1) Water a t  1034 kN/mZ must  be available to the electrol-  

e lectrolysis  subsystem a t  a 1034-kN/m2 (150-psia) p r e s s u r e  ra ther  than at 
the baseline 275. 8-kN/m2 (40-psia) pressure.  
accomplish this: 
ys i s  ce l l s  and (2)  a p re s su re  shell enclosing the five electrolysis  ce l l  
modules must  be provided to  accommodate the increased internal  pressure .  
Fig. 6 shows the subsystem for  the electrolysis of water and the collection 
of the vented H2 in  a n  accumulator. 
pumped at a r a t e  of 6. 7 kg/day (14. 9 lbm/day). 
48. 3 to 1034 kN/m2 (7. 0 to 150 psia)  in the 11. 4-kg (25-lbm) capacity water 
accumulator tank. 
power penalty involved with collecting H2 at 1034 kN/m2 instead of 
275. 8 kN/m2.  
0. 35 wat ts ,  which is considered negligible. 
with the quantity of H2 collected. 

Water for the electrolysis  ce l l s  is 
The p r e s s u r e  is ra i sed  f rom 

This requi res  85 watts for 6 min  each day and is the only 

On a daily bas i s ,  this amounts to an  increase  of only 
This power penalty is invariant 

A single,  encapsulating p res su re  housing is provided for the required 
five s tacks of e lectrolysis  cells .  
f r e e  volume of the housing. 

The 0 2  is allowed to vent directly into the 
This design i s  better than having five separa te  

13 
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p r e s s u r e  housings, because it reduces the number of 02, H2, and H 2 0  con- 
t r o l  valves required and it minimizes  housing weight. It a lso places all the 
electrolysis  ce l l s  at the same  internal p r e s s u r e s  for H2, 0 2 ,  and H2O. 
Fa i l - sa fe  redundant solenoid valves and cont ro l le rs  regulate the H20 ,  0 2 ,  
and H2 flows. 
H2 line. 
modules can  be replaced in  the event of failure.  Capability for  operation in 
a n  02- regenera t ion  mode is retained by means of a connector in  the H2 line. 

The net effect of these changes on the weight of the baseline electrolysis  

An overboard relief valve and manual dump valve a r e  in  the 
The p r e s s u r e  housing i s  designed so that the electrolysis  ce l l  

sys t em is an  increase  of 5. 3 kg (11. 7 lbm). 
t ion in s ize  of the O2 accumulator,  there i s  a volume saving of 0. 226 m3 
(8 ft3). 
e lectrolysis  ce l l s  at 1034 kN/m2 whether o r  not the H2 i s  used a s  a res i s to je t  
propellant. 
sufficient system advantage to justify this  change. 

Also, a s  a r e su l t  of the reduc- 

It is intended that the EC/LS system be modified to operate  the 

The large reduction in volume at minimal weight increase  shows 

Feca l  Water 

The baseline fecal-waste management sys tem s to re s  and f r eezes  the wet 
waste;  consequently, modifications a re  necessary  to separa te  the water  f rom 
the waste. Water reclamation concepts considered included the following: 

(1) Addition of heat and /o r  application of a vacuum sufficient to reach  
the vapor point of water  in  the wastes, 

Air evaporation. 

F r e e z e  sublimination. 

F r e e z e  crystalization. 

Nonelectrical membrane process.  

Ion-exchange membrane process.  

Capillary o r  thermal  diffusion. 

Phy s io -c he mica1 t reatments .  

G a s  hydrate formation. 

Solvent ext r ac  tion. 

Catalytic combus tion. 

Electrolysis .  

Misc ellaneous mechanical systems. 

The selected concept operates by waste-heat evaporation to separa te  the 
water  froin the feces ,  with pyrolysis of the vapors  (fig. 7). 
of fecal-waste collection i s  the same as that  used in  the baseline MORL. 

The process  

15 
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Wastes a r e  collected in  a spherical  tank until the tank is fi l led,  a t  which t ime  
it i s  replaced by an empty one. Instead of venting the collection tank to space 
between uses ,  a heating cycle/pumpdown process  evaporates water f rom the 
feces ,  and a vapor pyrolysis/condensation process  col lects  s ter i l ized water.  
The tank for water  s torage  contains a bladder to  expel the contents for use by 
the res i s to je t  control  system. This system requi res  a n  additional 25 watts 
of power and approximately 18. 2 kg (40 lbm)  of fixed weight. 
100% water  recovery i s  possible;  however, a value of 75% is assumed until 
higher efficiency i s  demonstrated. 
but has not been tes ted o r  developed as an  integrated unit. 

Theoretically,  

This sys tem combines proven concepts,  

Item 

c02  

HZ 
Fe c a1 water 

Collection Penalty Summary 

Collection sys tem Powera 
weight 

kg lbm watts watts / kgC 

9. 1 20 150 23. 2 

5. 3 11. 7 0. 35 0. 48 

18. 2 40 25 45. 0 

The result ing weight and power penalties for the selected collection s y s -  
tems  a r e  shown in table 4. 
i nc rease  to the E C / L S  system. F o r  example,  the weight of C 0 2  collection 
hardware  is partially offset by the deletion of i t ems  not required i f  the gas  
i s  to be collected. 
power needed for collecting the total output. 

The weight values in  the table represent  the net 

The power requirement shown in  the third column i s  the 

F o r  comparat ive purposes ,  the las t  column in the table shows the ave r -  
age  power required to collect  a unit mass  of propellant. 

17 



PERFORMANCE AND POWER REQUIREMENTS 

The maximum operating temperature  f o r  the biowaste res i s to je t s ,  
consistent with the sys tem's  design-life goal, i s  l imited to  1667OK (3000OR). 
This is  the resul t  of the oxidizing nature of C 0 2  and feca l  water.  
analysis of the biowaste H2 output (table 2) reveals  that it contains approxi- 
mately 6% impuri t ies ,  most of which are  oxidizing compounds; therefore ,  it 
too is constrained to  1667OK. The performance of the biowaste propellants 
(includin 

1589O t o  2700OK (2860O to 4860OR). The performance (specific impulse) and 
minimum required resis tojet  power f o r  a 1667OK operating temperature  a s  a 
function of operating p res su re  for each of the propellants and propellant 
combinations a r e  presented in figs. 8 and 9. 
shows that  a severe  performance degradation and a la rge  power penalty 
resu l t  fo r  operating p res su res  below 138 kN/m2 ( 2 0  psia) .  
occur p r imar i ly  because of the low Reynolds Number effects,  which resu l t  
in la rge  viscous and expansion losses .  
t ions l imit  the maximum operating pressure  to  approximately 310 to 
345 kN/rn2 (45 to  50 psia).  
275. 8-kN/m2 (40 psia)  operating pressure  at  which to  pe r fo rm an a s ses smen t  
of the biowaste propellants. 

A chemical  

combinations) was determined f o r  chamber  p r e s s u r e s  f rom 
0 . 1  x 10 ? to  10 x l o 5  N/m2 (0 .10  t o  10.0 a tm)  and chamber tempera tures  of 

Examination of these f igures  

These lo s ses  

Fabrication and geometric considera-  

These restrictions led to the selection of 

Table 5 presents  the individual and combined propellants considered for 
MORL use.  
power were  obtained f rom figs. 
p r e s s u r e  and 16670K chamber temperature  condition. 
quantity for  the propellant combinations shown represents  the sum of the 
individual quantities. 

The delivered specific impulse and res i s to je t  minimum required 
8 and 9 a t  the selected 275. 8 - k N / m 2  chamber 

The daily usable 

19 
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BIOWASTE SYSTEMS EVALUATION AND SELECTION 

Table 5 shows that the combined use of biowaste outputs (that i s ,  those 
f i red in the specified combination through a single thrus tor )  has  a signif- 
icantly higher performance capability than that achieved through independent 
use  ( same total  propellant quantities fired in  separa te  th rus to r s  for  each 
propellant). 
of the reaction. This fact ,  combined with increased control and hardware 
associated independent th rus tors  for each propellant, eliminated such use 
f rom fur ther  consider at  ion. 

This synergistic effect is attributable to  the chemical kinetics 

The MORL baseline vehicle,  in a 1972 atmosphere,  requi res  a daily 
total  impulse of 8321 N-sec (1870 lbf-sec) for the orbit  operation functions 
of the resistojet/GMG control system. 
provide the required daily total  impulse with about a 35% excess  for  growth 
potential. 
independently. 
with combined use  of H2 and C02. 
impulse of only 1326 N-sec (298 lbf-sec) and has the highest ra t io  of res is to-  
je t  power to  specific impulse. This fact, combined with the highest collec- 
tion power penalty (45.0 watts/kg average) and the difficult s torage and 
usage requirements ,  makes fecal  water the least  attractive biowaste. A s  
a resul t  of this evaluation, it was decided to  eliminate the sys tems using 
fe c a1 water  . 

Table 5 shows that C 0 2  alone can 

The biowaste H2 can provide 4317 N-sec (970 lbf-sec)  i f  used 

Fecal  water  can provide a daily total  
The MORL daily total impulse requirement can be fulfilled 

Fig. 10 shows the delivered specific impulse and resis tojet  power 
requirement  (including heater  efficiency) variation with propellant combina- 
tion. 
and H2 required for  an 8321 N-sec/day (1870 lbf-sec/day)  total  impulse as 
a function of the propellant combination. 
C 0 2  quantity required i s  4. 77 kg/day (10.5 lbm/day) ,  which is significantly 
below the 6.5 kg/day (14.22 lbm/day) available. The daily quantity of bio- 
waste  H2 available--0.73 kg (1.61 1bm)--establishes the other limiting pro-  
pellant combination of 0. 678 C02  + 0.322 H2 (all biowaste H2 supplemented 
with 1.55 kg/day [3.41 lbm/day] of C 0 2 ) .  

Fig. 11 shows the variation in the daily biowaste quantities of C02 

It should be noted that the maximum 

A method of determining the total power requirement for  operation of a 
A s  previously presented (table 5) 

The collection power i s  given a s  

It i s  possible to re la te  the collection power 

biowaste res is tojet  has been established. 
res is tojet  power i s  defined for the thrustor  operation conditions (chamber  
p r e s s u r e ,  t empera ture ,  and thrust  level). 
average power over a day and, in the case  of C 0 2 ,  va r i e s  with the quantity 
of propellant collected (fig. 5). 
and the resis tojet  power by the following method: 
power over a daily period (average collection power x t ime)  i s  determined 

the total collection 
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and divided by the total  thrustor-operating t ime (daily total  impulse divided 
by resis tojet  th rus t  level). 
be direct ly  added to  the resis tojet  power to obtain a valid "true" total  power. 
Fig.  
The values shown represent  the GO2 penalty which va r i e s  with the quantity 
collected. 
quantity collected. ) The curve in  f ig .  12 i s  not l inear  with propellant com- 
bination because of the nonlinearity of specific impulse,  which determines 
the quantity of propellant combination required.  

The collection power defined in this manner  can 

12 shows the collection power variation with propellant combination. 

(The H2 collection penalty, about 0. 35 wat ts ,  is invariant with the 

The combined collection power and resis tojet  power is shown as a 
function of propellant combination in fig. 
(1870 lbf-sec/day)  system. 
is  obtained with C02 alone and increases  with the increasing rat io  of biowaste 
H2. The ra t io  of delivered specific impulse to  total  power i s  also shown to  
increase  with the increasing ratio of biowaste Hz. By using fig. 13 and the 
values for  delivered specific impulse shown in  fig. 10, one can see  that 
there  a r e  two biowaste res is tojet  propellant combinations worthy of fur ther  
examination: one uses  all COz and provides low performance at a lower 
power requirement  with the highest biowaste propellant density, and the other 
uses  all the biowaste H2 available and sufficient C 0 2  t o  provide the daily 
impulse requirement:  0 .678 C02  t 0.322 H2. This combination provides high 
performance at  the highest ra t io  of delivered specific impulse to  total  power,  
with a propellant Combination of low-bulk density. 

13 for  the 8321-N-sec/day 
It can be seen that the lowest power requirement  

Figs.  14 and 15 a r e  simple schematics of the C 0 2  and the 0. 678 C02  t 

The all-CO2 sys tem has a 1034-kN/m2 (150-psia) accumulator o r  s torage 

0. 322 H2 systems,  respectively. 

tank supplied b y  both C02  collection subsystems. 
backflow of propellant during the desorption cycling of the molecular-  sieve 
beds. 
overpressurizat ion.  The propellant flows from the accumulator through a 
normally open solenoid valve which permits shutdown and isolation of the 
accumulator should the feed system require maintenance. The propellant 
then flows through a f i l ter  which removes any particulate mat te r .  
way, solenoid-actuated valve provides flow through ei ther  of the redundant 
p r e s s u r e  regulators.  These regulators maintain the downstream p r e s s u r e  
at 275.8 kN/mZ (40 psiaj  and require  a minimum pres su re  drop of 138 kN/m2 
(20 psia)  o r  4.4 kN/m2 (60 psia) minimum ups t ream p res su re .  

Check valves prevent 

The accumulator has  a bu r s t  disk and a relief valve to  protect against 

A th ree-  

Regulator check valves prevent backflow of propellant should a regulator 
fail.  It was determined that an accumulator feed line should be provided to  
maintain supply p r e s s u r e  during resistojet  cold s ta r tup  which requi res  flow 
in excess  of the design requirement.  A hand valve (normally open) i s  p ro-  
vided t o  isolate the thrus tor  module during replacement o r  repa i r .  

The 0. 678 C02 t 0.322 H2 system (fig. 15) has  separa te  C02 and Hz 
accumulators  at 1034.3-kNlmL (150-psia) p re s su re .  The GO2 is supplied 
f rom the two separate  CO2 collection subsystems;  biowaste H2 i s  supplied 
f rom the electrolysis  cel l  outputs. Each of the accumulators i s  protected 
from overpressurizat ion by relief valves and burst  disks. The independent 
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propellants flow through f i l t e rs  t o  eliminate contaminants and past  coupled 
solenoid valves and independent temperature  sensors .  
propellants require  tempera ture  conditioning, the e lec t r ic  hea te rs  a r e  
switched on. 
the independent propellants. 

Should ei ther  o r  both 

Thermal  control is required to ensure accurate  meter ing of 

Three-way,  solenoid-actuated valves a r e  used in each of the propellant-  
flow sys tems to provide flow through either of the redundant p r e s s u r e  r e  ula- 

(40 psia)  and require  a minimum pressure  drop of 138-kN/m2 (20-psia) o r  
414-kN/m2 (60-psia) minimum upstream p res su re .  Check valves prevent 
backflow of propellants should any of the regulators fail. The independent 
propellants a r e  then mixed. A s  in the all-CO2 sys tem,  an accumulator feed 
l ine is required to  maintain supply p re s su re  during s tar tup of the cold 
th rus to r ,  and the hand valve (normally open) is provided t o  isolate the 
thrus tor  module for  repa i r  o r  replacement. 

t o r s .  These regulators  maintain a downstream p res su re  of 275.8 kN/m f 

The prel iminary sys tem design requires  determination of accumulator 
requirements  and surge-tank requirements.  
accumulator capacity for each sys tem be capable of delivering 0. 178 N 
(40 mlbf) of thrust  for  8 continuous hours without EC/LS  output. 
requirement  approximate s the iner t ia l -  orient at ion and maneuve ring r e  quire - 
ments  for  a s imi la r  t ime period. With the previously specified performance 
data ,  this  c r i te r ion  permi ts  the deliverable propellant quantities to be 
det e rmine  d. 

It was decided that the total  

This 

. 

The propellants a r e  to be s tored at a nominal p re s su re  of 1034. 3 kN/m2 
(150 psia)  and nominal temperature  of 3250K (585OR). The all-CO2 sys tem 
and the 0. 678 C02  t 0. 322 H2 sys tem both requi re  a minimum accumulator 
p r e s s u r e  of 414 kN/m2 (60 psia). 
mum supply p re s su re  i s  not usable. Therefore,  the accumulator s torage 
capacity must  provide f o r  the required usable and the residual  propellant a t  
minimum supply p res su re .  
supply p r e s s u r e s  were  used to establish the accumulator s torage capacit ies.  

Propellant in the accumulator below mini- 

The nominal s torage p r e s s u r e s  and the minimum 

The resu l t s  of the design of the accumulators a r e  presented in table 6 
f o r  both the all-CO2 sys tem and 0.678 C 0 2  t 0.322 H2 system. 
shows that  significant volume and weight differences exist  for  the accumula- 
t o r s ,  with those of the all-CO2 system being the l e s s e r .  
reflect  the predominant sys tem weight and volume differences.  
modules and system plumbing would be essentially identical for  both systems.  
The flow control of the combined propellant system would be more  complex 
because of the flow system coupling and the prec ise  propellant meter ing 
required.  
for  the two systems.  

This table 

The accumulators 
The thrus tor  

Table 7 summar izes  the power requirements  and performance 

On the basis  of data presented in  this section, it was concluded that the 
most  favorable biowaste sys tem for MORL was the all-CO2 system. 
lower power requirements  , relative simplicity, and lower weight and volume 
of this  sys t em justify i ts  selection. 
provide up  to  35% increase  in MORL impulse requirements.  

The 

The sys tem has growth capability to  
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Table 7 

MORL BIOWASTE-PROPELLANT CANDIDATES 

P rope llant 

~ ~~ 

a De live r ed  spec i f  ic impulse 

Required resis tojet  power 

bCollection power 

Total  power 

Daily C 0 2  quantity 

Daily H quantity 2 

Daily total  propellant 
quantity 

Specific impule t o  power 
ra t io  

c02 

178 sec  

43.0 W 

52.0 W 

95.0 W 

4.77 kg (10.5 lbm) 

0 

4.77 kg (10.5 lbm) 

1.87 s e c / W  

3.678 C 0 2  t 0.322 H2 

373 sec  

100.5 w 

18.0 W 

118.5 W 

1.54 kg (3.41 lbm) 

0.73 kg (1.61 lbm) 

2.28 kg (5.02 lbm) 

3.14 s e c / W  

2 0.044 N (10 mlbf),  275.8 k N / m  (40 psia) ,  1666.6OK (3000OR). a 

b8321 N-sec/day (1870 lbm-sec/day). 
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MORL RESISTOJET SYSTEM COMPARISONS 

The preceding sections have delineated the considerations which resul ted 

To a s s e s s  the sys tem,  i t  was necessary  to  compare it to r e s i s to -  
in selection of an all-CO2 system as  the most  advantageous biowaste sys tem 
for  MORL. 
j e t  sys tems using NH3 and H2. 
on biowaste utilization was also assessed. 
sys tem (with open-loop EC/LS) remained competitive with H2 and NH3 
res i s to je t  sys tems (with closed-loop EC/LS). 

The effect of a closed-loop EC/LS  sys tem 
The resu l t  was that the a l l -C02  

The c r i t e r i a  used in  the assessments  included performance,  power 
requirement ,  launch weight, growth potential, development r i sk ,  maintain- 
ability, reliabil i ty,  and resupply weight. System selection for specific 
applications will of course  depend on the importance assigned to  the various 
c r i te  r ia .  

The comparison of res is tojet  systems fo r  the MORL with a 90-day 
resupply schedule i s  shown in table 8. This table summar izes  the pertinent 
sys tem p a r a m e t e r s  f o r  the H2, NH3, and C 0 2  systems.  
were  performed for  an 8321-N-sec/day (1870-lbf-sec/day) impulse require-  
ment and a 0. 044-N (10-mlbf) thrust-level res is tojet .  

The comparisons 

T h e r e  is an appreciable difference in the performance of the candidate 
propellants.  
requirement .  
requirements .  
comparisons since it establishes the quantity of propellant to be resupplied. 
However, since the biowaste system does not require  propellant resupply, 
specific impulse is not a c r i t i ca l  parameter  a s  long as sufficient C 0 2  output 
is available t o  meet  the daily impulse requirement.  

H2 has  the highest specific impulse and the highest power 
NH3 and C 0 2  have significantly reduced impulse and power 

The specific impulse is pertinent only in the H2 and NH3 

The chargeable  launch weight of the H2 sys tem is higher than the NH3 
sys t em,  i n  spite of the H2 sys tem's  higher specific impulse and lower 
propellant-weight requirement.  
volume and weight (low propellant density), combined with a higher weight 
a s ses smen t  for  e lec t r ic  power. 
times that of the NH3 tank. 
propellant supply at launch, the difference in  propellant weight between the 
H2 and NH3 sys tems represents  only a sma l l  percentage of the launch weight 

This resul ts  f rom the la rge  propellant-tank 

The volume of the H2 tank is about five 
Since the propellant tanks contain only a 20-day 

I penalty. 
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The biowaste system has the lightest launch-weight penalty because only 
Fur the rmore ,  the pro-  23.1 kg (10.5 lbm) of propellant is stored on-board. 

pellant tank (accumulator) i s  smal l  because it s to re s  only about a 1-day 
supply of C 0 2  a s  opposed to the H2 and NH3 tanks,  which must  be sized to 
s to re  a 147-day propellant supply. The all-CO2 system also requires  the 
leas t  power and, therefore ,  the lowest power-weight assessment .  

Evaluation of resupply shows a significant advantage to the all-CO2 bio- 
waste system. This sys tem has no chargeable resupply weight since no 
propellants o r  pressurants  a r e  required. 
impulse of Hz, when compared to NH3, i s  evident in the loaded resupply 
propellant weight. 
for H2 and the l a r g e r  resupply volumetric requirement.  

The impact of the high specific 

This advantage is offset somewhat by the heavier tankage 

A l l  sys tems a r e  limited in growth potential by the maximum power 
available. 
the g rea t e s t  growth capability, followed by NH3, with H2 having a minimum 
growth potential (assessment  is  based on the thrust-to-power ratio).  
of the sys t ems  has an additional growth limitation. 
a r e  l imited by the maximum volume in the MORL aft interstage.  
sys tem,  because of the higher propellant, density,  has  the g rea t e r  growth 
potential of the two and will a lso maintain a launch-weight advantage. 
all-CO2 biowaste system i s  limited by the biowaste quantity available. F o r  
the operating conditions l is ted,  the all-CO2 sys tem has a 35% total  impulse 
growth capability, which could be utilized with only a slight increase  in 
accumulator size.  
sys tem capability, it is possible to go to the COz t H2 sys tem,  which can  
provide m o r e  than double the MORL baseline daily impulse requirement.  
This sys t em,  although more  complex and requiring additional accumulator 
volume, could s t i l l  compare favorably with the H2 and NH3 sys tems.  

On the basis of this cr i ter ion,  the all-CO2 biowaste sys tem has 

Each 

The NH3 

The 

The NH3 and H2 sys tems 

Should the total  impulse requirements  exceed the all-COZ 

The NH3 system requi res  the minimum development effort since the 
res i s to je t  is in development testing and has  demonstrated performance 
approaching the design goals. Although the H2 res i s to je t  has  the same devel- 
opment s ta tus ,  the design of cryogenic tankage and the definition of cryogenic 
propellant resupply a r e  considered system development a r e a s  requiring con- 
centrated effort. 
evaluation phase and has  not yet been development tested. 
operating life must  be demonstrated. 

The biowaste CO2 resistojet  is  presently in the design 
Per formance  and 

The preceding comparisons for  MORL c lear ly  show that the all-CO2 
biowaste res i s to je t  sys tem can provide appreciable system gains over both 
the NH3 and HZ resis tojet  systems.  The reduced launch weight, the elimina- 
t ion of propellant resupply (and the associated c rew t ime and system com- 
plexity), the lower power requirement,  and the lower propellant-tank volume 
requirement  a r e  p r imary  advantages. The biowaste sys tem becomes even 
more  advantageous if the vehicle impulse requirement increases .  
a c a s e ,  the average thrus t  level (and, therefore ,  the average required power) 
would increase  proportionally for a l l  systems,  with a corresponding increase  
in weight assessment  fo r  power. 
fore ,  tank weight) would increase  proportionally for a l l  systems.  
and NH3 sys t ems ,  however, will a lso incur an increase  in the requirement  

F o r  such 

The propellant-tank volumes (and, there-  
The H2 
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for  loaded propellant weight, The sum of these effects would show the total  
chargeable launch weights t o  increase  appreciably m o r e  for  the NH3 and H2 
sys tems than for  the all-CO2 biowaste system. An increase  in impulse 
requirements would also r a i se  the NH3 and H2 resupply weights without 
affecting the biowaste system. 
requirements necessitated the use of the combined C 0 2  t H2 biowaste system. 

This evaluation would hold even i f  impulse 
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f o r  assessment .  It can  be concluded, however, that the biowaste res is tojet  
system will be competitive in the evaluation. 
appear even more  advantageous for a vehicle with a basic open-loop EC/LS 
sys tem,  because it must  be remembered that normally i t  is not as simple 

The biowaste sys tem will 

CLOSED-LOOP COMPARISON 

To fur ther  evaluate the potential of the biowaste res i s to je t  sys tem,  a 
comparison was made between the C 0 2  resis tojet  system with open-loop 
EC/LS  and the NH3 o r  H2 resis tojet  systems with closed-loop EC/LS.  

In the closed-loop o r  02-regenerat ion mode, the CO2 and H2 a r e  not 
available for  propulsion but a r e  recombined in a hydrogenation unit to  form 
water  and carbon ( see  fig. 2 ) .  
electrolysis  units. The use of the closed-loop sys t em resu l t s  in the addi- 
tion of 116 kg (255 lbm) of 02-regenerat ion hardware ,  which is offset by a 
saving of 114 kg (250 lbm) of water  and tankage weight. 
ment penalty must he imposed for an increase in power requirement of 
388 watts , and for sys tem reliabil i ty,  maintainability, and operability con- 
siderations.  Spare pa r t s  will be required for the added hardware ,  and crew 
t ime will increase  for monitoring, operating, and maintaing the more  com- 
plex closed-loop system. In return for these penalties,  the make-up water 
normally resupplied i s  not required,  resulting in a net reduction in combined 
reaction control sys tem and EC/LS logistics weight. 

The water i s  then recycled through the 

However, an a s s e s s -  
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advantage is enhanced with increasing vehicle-impulse requirements .  
this event,  the resis tojet  power requirements and launch weights of the 
res i s to je t  sys tem would show the previously described biowaste-system 
gains. 
which would increase  f o r  both the H2 and NH3 sys tems and reduce the 
resupply advantages of these systems. 

In 

The most  noticeable effect ,  however, would be in logistics resupply,  
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C ONC L U  SIONS 

A s  a result of the MORL resis tojet  system evaluations, it was shown 
that the all-CO2 biowaste res is tojet  sys tem has  significant advantages over 
the H2 and NH3 res i s to je t  sys t ems ,  and that sys tem competitiveness was 
maintained when compared with an 02-regenerat ion E C /  LS sys tem using 
H2 o r  NH3 resis tojet-control  systems.  
resu l t s ,  the following generalized conclusions were  reached: 

In addition t o  the MORL sys tem 

(1) Biowaste utilization by a res is tojet  system will be most  competitive 
where vehicle impulse requirements  necessi ta te  a lmost  complete usage of 
the vehicle outputs. 

( 2 )  The low power-to-thrust  ra t io  and minimal propellant s torage 
requirements of the biowaste res i s to je t  sys tem will be significant for  
power- and/or  volume-limited vehicles. 

(3)  Propellant resupply i s  eliminated with the biowaste sys tem reducing 
logistics requirements ,  propellant t r ans fe r  difficulty, and complexity. 

(4) Resistojet utilization of biowaste outputs will be competitive even 
i f  a closed-loop E C / L S  sys tem can  be provided, and it should be compared 
for  each specific vehicle and mission. 
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