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SUMMARY 
. *  

As p a r t  of NASA's development of the Space S t a t i o n ,  i t  is necessary t o  

examine and e v a l u a t e  va r ious  propuls ion sys t ems  f o r  the  S t a t i o n .  The i n i t i a l  

o b i e c t i v e  of t h i s  s tudy  was t o  de f ine  a sDace s t a t i o n  onboard propuls ion  

s y s t e m  t h a t  u s e s  hydrogen and oxygen as prope l l an t s .  The def ined  system was 

t o  be used i n  guiding the va r ious  component technology programs a s soc ia t ed  

with the  space s t a t i o n .  The program a l s o  included a studv of  the  e v o l v a b i l i t y  

of the  propuls ion  system from nea re r  term to  more f a r  term systems. The 

s p e c i f i c  propuls ion  sys t em i n i t i a l l y  examined incorpora ted  hoth high and low 

t h r u s t  sys t ems  t o  perform the  onboard propuls ion func t ions  f o r  the space 

s t a t i o n  i n  low e a r t h  o r b i t .  R e s i s t o i e t s  us ing  gaseous hydrogen a s  t h e  

p rope l l an t  were used t o  provide the  low t h r u s t .  High t h r u s t  w a s  provided bv 

chemical rocke t s  us ing  gaseous hydrogen and gaseous oxygen f o r  p r o p e l l a n t s .  

The propuls ion  systems s tud ied  were l i m i t e d  t o  s t o r i n g  the p rope l l an t s  A S  

cryogenic  s u p e r c r i t i c a l  f l u i d s .  

The i n i t i a l  t a sks  of t he  program were to  d e f i n e  t h e  provuls ion  

requirements  and candida te  systems t h a t  would meet these  requirements .  The 

candida tes  were then evaluated and t h e  s v s t e m  t h a t  would b e s t  meet t h e  

requirements  f o r  the space s t a t i o n  was s e l e c t e d .  This  s e l e c t i o n  was based 

upon cons ide ra t ion  of technology r ead iness ;  des ign ,  development, t e s t ,  and 

eva lua t ion  c o s t s ;  l i f e  cyc le  c o s t s ;  m a i n t a i n a b i l i t y ,  r e l i a h i l i t y ,  and 

e v o l v a b i l i t y .  A concept s e l e c t i o n  plan was developed and used  t o  perform t h i s  

eva lua t ion .  When the  sys tem des ign  had been s e l e c t e d ,  an in t e r im  program 

review w a s  he ld  t o  review t h e  r e s u l t s  of these  f i r s t  two t a sks .  

Upon approval  of t he  s e l e c t i o n  bv NASA, i t  had been planned to  develop a 

pre l iminary  system l e v e l  des ign  t o  determine ope ra t ing  cond i t ions  and sys t em 

l e v e l  component requirements .  F i n a l l y ,  a computer s imula t ion  of the  s e l e c t e d  

onboard propuls ion  system w a s  t o  be  developed. This  computer program was t o  

be  capable  of s imula t ing  design p o i n t ,  planned emergency ope ra t ion  and 

off-design ope ra t ions  of t h e  propuls ion  system. The vrogram was t o  be 

developed i n  a "breadboard" fash ion  t o  a l low easy modi f ica t ion  of the program. 

However, a t  t h i s  p o i n t ,  t h e  h a s i c  c o n t r a c t  w a s  modified.  The c o n t r a c t  w a s  

t r a n s f e r r e d  from L e w i s  Research Center t o  George C. Marshal l  Space F l i g h t  

Center  and a modified Statement of Work i ssued .  The program was completed 

under the  new s ta tement  of work with the fol lowing t a sks  being accomplished. 
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The eva lua t ion  of propuls ion  s y s t e m s  was widened t o  inc lude  o t h e r  elements 

of t he  space s t a t i o n  inc luding  the  OMV, OTV, and the  platforms.  Also, t h e  

p r o p e l l a n t s  considered f o r  a l l  of the  propuls ion s y s t e m s  w a s  broadened t o  

inc lude  s t o r a b l e  mono and h i p r o p e l l a n t s  and water e l e c r o l y s i s  fo r  the  supply 

of  gaseous hydrogen and oxygen p rope l l an t s .  Propuls ion  requirements  f o r  these  

elements  were i d e n t i f i e d ,  candida te  systems def ined  and the  most a t t r a c t i v e  

concepts  f o r  each element were se l ec t ed .  A primarv cons ide ra t ion  i n  t h i s  

s e l e c t i o n  w a s  t he  b e n e f i t  of commonality hetween systems. 

0 

The r e s u l t s  of t h e  eva lua t ion  of o t h e r  p r o p e l l a n t s  i nd ica t ed  t h a t  t he  

cryogenic  s u p e r c r i t i c a l  s to rage  system f o r  the space s t a t i o n  was not  

compet i t ive  with the  e l e c t r o l y s i s  hydrogen/oxygen system. Therefore ,  the work 

e f f o r t  t o  develop a pre l iminary  design of the cryogenic s u p e r c r i t i c a l  s t o r a g e  

sys t em f o r  t he  space s t a t i o n  was e l imina ted .  Also,  t h e  computer s imula t ion  

w a s  r e d i r e c t e d  t o  provide a computer s imula t ion  of the water e l e c t r o l y s i s  

sys tem.  This s imula t ion  w a s  developed i n  such a manner t h a t  i t  can h e  e a s i l v  

modified t o  s imula t e  o t h e r  p rope l l an t  svstems a s  w e l l .  

The p lan  f o r  conducting t h e  studv c o n s i s t s  of four t a sks :  Task I - 
Propuls ion  svs t em Concepts,  Task I1 - Propuls ion  Systems Concept S e l e c t i o n ,  

Task 111 - Pre l iminary  Design, and Task I V  - Computer Simulat ion.  The 

o r i g i n a l  Propuls ion  S y s t e m  Concepts included nea r lv  3000 conf igu ra t ions .  The 

t o t a l  number w a s  reduced t o  approximitv 34 be fo re  e n t e r i n g  i n t o  Task 11. 
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I. INTRODUCTION 

A s  t h e  p lans  f o r  t he  Space S t a t i o n  progressed,  i t  became necessary to  

i d e n t i f y  technologies  t h a t  w i l l  he requi red  f o r  t h e  success fu l  completion of  

t h e  space s t a t i o n  mission. One of these  a r e a s  r e q u i r i n g  d e f i n i t i o n  of 

technologies  i s  the  space s t a t i o n  onboard propuls ion svs tem.  O f  p a r t i c u l a r  

i n t e r e s t  i s  t h e  a rea  of propuls ion s y s t e m s  t h a t  use hvdrogen and oxvgen a s  

p rope l l an t .  The o b j e c t i v e  of t h i s  program was t o  d e f i n e  oxypenlhvdropen space  

s t a t i o n  propuls ion  systems i n  s u f f i c i e n t  depth t o  he used i n  guiding va r ious  

component technology programs’. In a d d i t i o n ,  a maior e f f o r t  of t h i s  program 

w a s  t o  develop a computer s imula t ion  of t he  onboard propuls ion  system. A t  t h e  

midpoint of t he  program the  Statement of Work was r ev i sed  t o  inc lude  t h e  

eva lua t ion  of o t h e r  space s t a t i o n  element propuls ion  sys t ems .  The e f f o r t  was 

d iv ided  i n t o  four  t echn ica l  t a s k s  with the fol lowing o b i e c t i v e s .  

TASK I - PROPULSION SYSTEM CONCEPTS 

Task I - Propuls ion  System Concepts were def ined  and schematics were developed 

f o r  the  most v i a b l e  concepts .  In conformance with a r ev i sed  s ta tement  o f  

work, t he  study w a s  no t  l imi t ed  t o  t h e  space s t a t i o n  onboard propuls ion  

s y s t e m ,  bu t  w a s  expanded t o  inc lude  o t h e r  elements of the  space s t a t i o n  

a r c h i t e c t u r e  inc luding  t h e  OTV, O M V ,  and platforms.  The bas i c  propuls ion  

requirements  of each element were i d e n t i f i e d .  Concepts t h a t  could meet t h e s e  

requirements  were then i d e n t i f i e d .  Simple s teadv s t a t e  models of the  

propuls ion  svstems were developed i n  o rde r  t o  eva lua te  the  power and l o g i s t i c  

requirements o f  the concepts.  An i n i t i a l  screenine,  based on engineerine 

judgment and rudimentary c o s t i n g ,  was then c a r r i e d  out  t o  narrow the  f i e l d  t o  

t h e  most a t t r a c t i v e  candida tes .  

TASK 11- PROPULSION SYSTEMS CONCEPT SELECT I O N  

A concept s e l e c t i o n  plan w a s  developed f o r  comparing the  concepts  

i d e n t i f i e d  i n  Task I and s e l e c t i n g  a s i n g l e  candida te  t o  h e  f u r t h e r  desc r ibed  

i n  Task 111, Pre l iminary  Design. The P l a n ,  which w a s  reviewed and approved hy 

NASA, included s e l e c t i o n  c r i t e r i a  of technology r ead iness ,  DDT&E, c o s t s ,  l i f e  

c y c l e  c o s t s ,  m a i n t a i n a b i l i t y ,  r e l i a b i l i t y ,  and e v o l v a b i l i t y .  Upon approval  of 

t he  s e l e c t i o n  p lan  the  candida te  concepts  were reviewed and the  most 

a t t r a c t i v e  concept s e l e c t e d .  

1 



TASK 111 - PRELIMINARY DESIGN 

This  t a sk  o r i g i n a l l y  w a s  t o  have been t h e  development of a pre l iminary  

des i -  of t he  s e l e c t e d  space s t a t i o n  propuls ion system. However, i t  was 

d e l e t e d  by the  r ev i sed  Statement of Work. 

TASK I V  - COMPUTER SIMULATION 

A computer s imula t ion  was developed f o r  the  onboard propuls ion  system. 

Although t h i s  model w a s  o r i g i n a l l y  intended to  s imula te  a water e l e c t r o l y s i s  

s y s t e m  i t  w a s  expanded t o  Rive i t  more v e r s a t i l i t y .  The model can s imula t e  

s e v e r a l  t y p e s  of propuls ion  sys t ems  inc luding  cold gas ,  monopropellant and 

b i p r o p e l l a n t  s t o r a b l e  sys t ems .  I t  i s  a l s o  w r i t t e n  i n  “breadboard fashion“ s o  

t h a t  sub rou t ines  can be  e a s i l y  modified.  A u se r  f r i e n d l y  f r o n t  end w a s  

provided t o  a l low t r a d e  s t u d i e s  of propuls ion s y s t e m s  t o  be made i n  an 

exped i t ious  manner. A complete u s e r s  manual was a l s o  provided as p a r t  of  t h i s  

t ask .  

2 



11. TASK I - PROPULSION SYSTEM CONCEPT'S ' 

Task I had s e v e r a l  o b j e c t i v e s .  The f i r s t  o b j e c t i v e s  o f  Task I was t o  

i d e n t i f v  space s t a t i o n  propuls ion svstems concepts and d e f i n e  schematics f o r  

those concepts.  To accomplish t h i s  i t  w a s  necessarv t o  d e f i n e  the propuls ion 

requirements  f o r  t h e  space s t a t i o n .  Steady s t a t e  models were developed of t he  

concepts  as they were i d e n t i f i e d .  

l o g i s t i c s  requirements of t he  concepts t o  be determined. F i n a l l v ,  a t  t he  

midpoint of t h e  program an e f f o r t  was added t o  d e f i n e  the p ropu l s ion  

requirements f o r  space s t a t i o n  elements i nc lud ing  p l a t fo rms ,  O W  and OTV. 

Propuls ion concepts t h a t  m e t  t he se  requirements f o r  each element were then 

i d e n t i f i e d ,  screened,  and t h e  b e t t e r  concepts s e l e c t e d  f o r  each element. 

These models allowed power balances and 

A. PROPULSION REQUIREMENTS 

The propuls ion sys t em performance requirements der ived du r ing  Task I and 

r e f i n e d  during the  per iod of performance o f  Tasks I & I1 a r e  summarized i n  

Table 11-1. The requirements a r e  based p r i m a r i l y  upon two sources:  

1)  t h e  JSC Reference Requirements Document JSC 19989 published p r i o r  t o  the  

Phase B compet i t ion,  and 2 )  t he  i n t e r n a l  MMC preproposal  and Phase B e f f o r t .  

The 90 day t o t a l  impulse requirement was found t o  vary from 70,000 lbf-sec 

t o  700,000 lbf-sec over the 11 year  s o l a r  cycle .  An a t t i t u d e  c o n t r o l  

impulse requirement of 50,000 l b  -sec w a s  i d e n t i f i e d  t o  cover s h u t t l e  

docking d i s tu rbances .  The Space S t a t i o n  r e f e r e n c e  A t t i t u d e  Control  Svstem 

(ACS), c o n s i s t i n g  of momentum s t o r a g e  and magnetic torque d e v i c e s ,  has primarv 

r e s p o n s i b i l i t y  f o r  a t t i t u d e  c o n t r o l  with propuls ion a s  the backup s y s t e m .  

Approximately 100,000 l b  -sec per 90 day per iod w i l l  be  r equ i r ed  i f  pu re ly  

coupled torques a r e  used t o  back up an ACS f a i l u r e .  P r o p e l l a n t  consumption 

can b e  minimized bv us ing  s i n g l e  t h r u s t e r s  i n  a noncoupled mode. This  

r e s u l t s  i n  both a torque and reboost  t r a n s l a t i o n  t o  t h e  Space S t a t i o n  when -x 

t h r u s t e r s  a r e  used f o r  e i t h e r  p i t c h  o r  yaw torques.  This p r o p e l l a n t  would 

come from the  reboost  p r o p e l l a n t  budget r e q u i r i n g  t h a t  no a d d i t i o n a l  

p r o p e l l a n t  be c a r r i e d  f o r  a t t i t u d e  c o n t r o l .  This could change i f  f u t u r e  

a n a l y s i s  o r  requirements d i sa l low t h e  use of noncoupled p a i r  torques f o r  

a t t i t u d e  c o r r e c t i o n .  An impulse requirement f o r  an a d d i t i o n a l  500,000 t o  

1,000,000 l b  -sec is  s p e c i f i e d  i n  the r e f e r e n c e  document t o  cover an 

a l t i t u d e  change of 20 n a u t i c a l  miles f o r  e i t h e r  emergencv o r  customer 

f 

f 

f 
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Table II- I - Propulsion Requirements Summary 

Reauirements Value Source 

SPACE STATION PROGRAM- D ISC R I M I NATO RS 

Total Impulse/90 days - OA 

Total Impulse/90 days - RCS 

.07-.7 x l  O6 Ibf-sec 

25,000 Ibf-sec 

Range for 90 days ( From MMC 0 8) 

RCS for docking & disturbances 

RCS during OA 0 Ibf-sec Use off-pulsed +X thrusters 

90 day CMG Contingency 15-75 x 1 O3 Ibf-sec 

20 nM Contingency 5-1 xl O5 Ibf-sec 

Range from MMC OB proposal effort 

From MMC 0 B  effort 

Thrust Range - OA 0.5-100 Ibf total Nominal range set by control rqmts 

Thrust Range - RCS 25 Ibf each Nom. figure set by control rqmts 

Emergency AV 

g-Level Limits (axialtlrot) 

Electric Power Avail. 

-Maximum Steady State 

-Maximum Transient 

-Duty Cycle 

Thermal Power Avail. 

-Maximum Steady State 

-Max/Min Transient 

-Duty Cycle 

5 fps AV (w/ 20nM) 
5 <= 10- g's 

2 Kwe 

50 Kwe for 4 hrs 

0- 1 00% 

20 Kwt 

45 Kwt for 4 hrs 

0- 1 0O0h 

From NASA Ref Rqmts Document 

From NASA Ref Rqmts Document 

From MMC 0 B proposal effort 

From MMC 0 B proposal effort 

From MMC 0 B proposal effort 

From MMC 0 B Proposal 

From MMC 0 B Proposal 

From MMC 0 B Proposal 
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accommodation reasons.  This requirement does no t  appear t o  be s t r i c t l v  

necessary.  

reduce t h e  impact of meeting t h i s  requirement.  F i n a l l y ,  t he  r e f e r e n c e  

document s p e c i f i e d  t h a t  t h e  propuls ion sys t em provide c a p a b i l i t v  f o r  a 5 f p s  

c o l l i s i o n  avoidance d e l t a  V. A s  with the  RCS requirements ,  t h i s  does not  

r e q u i r e  a d d i t i o n a l  p r o p e l l a n t ,  m e r e l y  e a r l y  usage of reboos t  p r o p e l l a n t .  

Thrus t e r  l o c a t i o n ,  number and t h r u s t  l e v e l s  were not s t r i c t l y  s y s t e m  

d r i v e r s  but  a r e  included a s  p a r t  of the  system design.  The 36 t h r u s t e r s  of 

the  r e fe rence  system were reduced t o  1 2  because the  increased  l i f e  a v a i l a b l e  

Advanced planning and proper STS resupply  mani fes t ing  can g r e a t l y  

with GO /GH t h r u s t e r s  reduces t h e  need t o  backup f a i l e d  o r  degraded 

t h r u s t e r s .  

c o n t r o l .  Add i t iona l ly ,  a reboos t  t h r u s t  l e v e l  of 100 l h  r e s u l t i n g  from 

us ing  four  t h r u s t e r s  i s  wi th in  t h e  dynamic response to l e rances  of Space 

S t a t i o n .  For these  reasons  t h e  r e fe rence  document's t h r u s t  l e v e l  

s p e c i f i c a t i o n s  were used. 

2 2  
A t h r u s t  l e v e l  of approximately 25 l b f  is  adequate  f o r  a t t i t u d e  

f 

Cryogenic 0 /H systems a l l  r e q u i r e  some thermal h e a t  input  t o  2 2  
cond i t ion  p r o p e l l a n t s  from t h e  s to rage  condi t ions  U D  t o  those r equ i r ed  bv the  

t h r u s t e r s .  This thermal power can become q u i t e  l a r g e  i f  the  p rope l l an t s  a r e  

condi t ioned  in r e a l  t i m e  f o r  a high t o t a l  t h r u s t  l e v e l .  The s u p e r c r i t i c a l  

sys tem of t h i s  s tudv  uses  t h i s  power f o r  two purposes ,  one t o  expel  t he  

p r o p e l l a n t  from t h e  s u p e r c r i t i c a l  s t o r a g e  tanks ,  and t h e  o t h e r  t o  cond i t ion  

the  p r o p e l l a n t s  p r i o r  t o  s t o r i n g  them i n  an accumulator.  The combined sum of  

t h i s  power v a r i e s  with t i m e  as  t h e  p r o p e l l a n t s  a r e  condi t ioned a t  a s teadv 

mass flow r a t e .  The t o t a l  a v a i l a b l e  power from the  Space S t a t i o n  thermal and 

e l e c t r i c a l  subsystems is  shown i n  F igure  11-1 p l o t t e d  with the  i n i t i a l  Dower 

r equ i r ed  t o  exDel and cond i t ion  the  P rope l l an t s  a t  va r ious  t h r u s t  l e v e l s .  A s  

can be seen ,  f o r  a 100 l b f  burn,  t h e  t o t a l  power requi red  exceeds t h e  

a v a i l a b l e  power. For t h i s  reason ,  t he  p rope l l an t  expuls ion and cond i t ion ing  

ope ra t ions  must b e  sepa ra t ed  from the  t h r u s t e r s  by an accumulator.  

B. ConceDt D e f i n i t i o n s  

SPACE STAT ION PROPULSION 

An i t e r a t i v e  process  was used t o  i d e n t i f y  a l l  v i a b l e  Space S t a t i o n  

Propuls ion  system op t ions  and select  those t h a t  most c l o s e l y  matched t h e  

requirements  f o r  t h i s  s tudy.  The process  was i t e r a t i v e  f o r  two reasons.  

5 
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F i r s t ,  the  l e v e l  of d e t a i l  was increased  a s  h ighe r  l e v e l  op t ions  were 

r e j e c t e d ,  and secondly,  a d d i t i o n a l  op t ions  were i d e n t i f i e d  a s  t h e  process  

progressed.  The proposal  i d e n t i f i e d  some.3000 poss ib l e  concepts .  Many o f  

t hese  were e l imina ted  by inspec t ion .  However, t h e  v a s t  maior i tv  seemed 

f e a s i b l e .  A s i m p l e  numerical  s o r t i n g  r o u t i n e  w a s  then w r i t t e n  which app l i ed  

go-nogo r u l e s  t o  each ind iv idua l  concept and computed a rank f o r  remaining 

concepts  based on t h e  sum of  ranks given t o  each opt ion  wi th in  the  concept .  

Using t h i s  r o u t i n e ,  numerous passes  were made through t h e  whole process  t o  

i d e n t i f y  opt ions  t h a t  should be r e t a ined  f o r  f u r t h e r  s tudv.  As a bonus, 

s e n s i t i v i t i e s  could be  obtained f o r  t he  ranks and r u l e s  used i n  t h e  s e l e c t i o n  

process .  The r e s u l t i n g  "concept" i s  shown i n  Figure 11-2. This  "concept" 

r e p r e s e n t s  t he  opt ions  remaining. Addit ional  s c reen ing  was then app l i ed  t o  

f u r t h e r  narrow t h e  concepts ,  as i s  d iscussed  i n  the next s e c t i o n .  

a 

C. Pre l iminarv  ConceDt Se lec t ion  

The s e l e c t e d  concepts  were combinations of t he  major propuls ion  system 

components t h a t  could provide the  necessary func t ions  and s t i l l  meet the  

ground r u l e s  of t he  study. The minimum sys tem t h a t  could he conceived 

c o n s i s t s  of p rope l l an t  s t o r a g e  tanks with hea t  exchange r s / c i r cu la t inp  svstems 

t o  maintain t h e  tank p res su re  during tank outflow. With s u f f i c i e n t  power t h i s  

system could supply p rope l l an t  d i r e c t l y  to  the t h r u s t e r s .  Power r e s t r i c t i o n s  

on the  Space S t a t i o n  prec lude  t h i s  a s  a v i a b l e  opt ion .  This  prompted the  

i n c l u s i o n  of accumulators.  This r e p r e s e n t s  t h e  "minimum" concept cons idered  

f o r  t h i s  study. The most complex sys t em adds a p rope l l an t  cond i t ion ing  

s e c t i o n  which c o n s i s t s  of a d d i t i o n a l  hea t  exchangers and pumps to  i n c r e a s e  t h e  

temperature  and p res su re  of the p r o p e l l a n t s  p r i o r  t o  t h e i r  i n t roduc t ion  i n t o  

t h e  accumulators.  These two systems a r e  shown schemat ica l ly  i n  F igure  11-3. 

Twenty-eight concepts  were i d e n t i f i e d  between t h e  two extremes represented  hv 

the  f i g u r e .  Table  11-2 d e t a i l s  t he  concepts  and the  numbering code used. 

E s s e n t i a l l y ,  t h e  propuls ion  system was d iv ided  i n t o  two p o r t i o n s ,  t he  f l u i d  

s t o r a g e  and condi t ion ing  p o r t i o n  and the  accumulators through t h r u s t e r  

por t ion .  Within these  two por t ions  va r ious  opt ions  were i d e n t i f i e d  a s  

descr ibed  i n  the  t a b l e .  A hybrid set  of concepts  was a l s o  included whereby 

t h e  oxygen sys t em ope ra t e s  i n  a blowdown mode while  t h e  hydrogen svs t em 

u t i l i z e s  a pump t o  r a i s e  the  p re s su re  t o  t h a t  of the  oxygen. 
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Table 11-2 - Preliminary Concept Descriptions 

CONDITIONING SUBSYSTEM OPTIONS - (Accumulators and propellant conditioning heat exchanger) e 
A Blowdown without Heat Exchangers 
B Blowdown with Heat Exchangers 
C Regulated without Heat Exchangers 
D Regulated with Heat Exchangers 

SUPPLY SUBSYSTEM OPTIONS - (Storage tank and heat exchanger) 

System Description 
1 A,B,C,D Blowdown propellant supply with condensing heat exchanger, small accumula!ors 

2 A,B,C,D Propellant supply pumped into accumulators with condensing heat exchanger. Small 
accumulator 

3 A,B,C,D Blowdown propellant supply utilizing thermal storage heat exchangers. Small 
accumulator 

4 A,B,C,D Blowdown propellant supply with condensing heat exchangers. Large accumulator 

5 A,B,C,D Pumped propellant supply with condensing heat exchangers. Large accumulator 

6A, B, C, D Pumped hydrogen, blowdown oxygen both using condensing heat exchangers. Small 
accumulators 

7 A,B,C,D Pumped hydrogen, blowdown oxygen both using condensing heat exchangers. Medium 
accumulators 

8 A,B,C,D 

9 A,B,C,D 

Blowdown propellant supply, high power condensing heat exchangers, small accumulators 

Pumped propellant supply, high power condensing heat exchangers, small accumulators 

10 



D. ComDonent Models 

An empir ica l  atmosphere model was prepared us ing  in-house d a t a  generated 

i n  support  of ou r  Space S t a t i o n  Phase B e f f o r t .  This  d a t a  i s  based upon t h e  

1973 Goddard document NASA SP-8021. For t h i s  d a t a  base the  empir ica l  

r e l a t i o n s h i p  shown i n  F igure  11-4 w a s  developed. The inaccurac i e s  inherent  i n  

t h e  f i t  ( 5 % )  are  w e l l  wi th in  the  accu rac i e s  of  t he  d a t a  used ( 10%) and a r e  

thus f e l t  t o  he  adequate.  This  "brute  force"  method was chosen because i t  

provided an e a s i l v  eva lua ted  express ion  which represented  t h e  p r e d i c t a b l e  

t rends  i n  the  "average" g loba l  dens i ty  v a r i a t i o n s  and was s u i t a b l e  f o r  

i nco rpora t ion  i n t o  a v a r i e t y  of ana lyses  used t o  p r e d i c t  space s t a t i o n  

p rope l l an t  requirements .  I t  i s  c u r r e n t l y  heing used t o  e s t ima te  the  impacts 

of  va r ious  reboos t  s t r a t e g i e s  upon t h e  p rope l l an t  s to rage  requirements .  

Svstem s e n s i t i v i t i e s  t o  rehoost  s t r a t e g y  can e a s i l y  be q u a n t i f i e d  with t h i s  

model. 

To i n v e s t i g a t e  t h e  svstem s e n s i t i v i t i e s  t o  t h r u s t e r  design Darameters a 

curve f i t  t o  Marquardt GO /GH t h r u s t e r  da t a  was developed. This  i s  shown 

i n  F igure  11-5. Thrus t e r  performance is  seen t o  improve with decreas ing  

mixture  r a t i o .  System l e v e l  s e n s i t i v i t i e s  t o  chamber pressure  favor  h ighe r  

p re s su res  up t o  about 150 p s i a  where f u r t h e r  i nc reases  i n  p re s su re  no longer  

improve performance s i g n i f i c a n t l y .  Higher t h r u s t  l e v e l s  w i l l  improve t h r u s t e r  

performance and decrease  burn t i m e  r e s u l t i n g  i n  l a r g e r  accumulators and h ighe r  

d i s tu rbance  l e v e l s .  The ne t  e f f e c t  i s  t o  inc rease  system dry weight s i n c e  t h e  

improved performance does not  o f f s e t  t h e  increased  accumulator volume 

requi red .  The major system s e n s i t i v i t y  w a s  found t o  be t o  the  t h r u s t e r  

mix ture  r a t i o .  Trading resupplv system launch mass a g a i n s t  mixture  r a t i o  

in f luences  r e s u l t e d  i n  an lloptimum'l mixture  r a t i o  of about  6. T h i s  was 

d iscussed  i n  d e t a i l  i n  t h e  March, 1985 r e p o r t  and is repea ted  as par t  of 

F igure  11-6. 

2 2  

Two types of h e a t  exchangers have been i d e n t i f i e d  a s  apDl icable  f o r  t h e  

0 /H propuls ion  sys tem.  These are a convent ional  two f l u i d  h e a t  

exchanger and a t h r e e  f l u i d  type where t h e  t h i r d  f l u i d  used is  a phase change 

m a t e r i a l  used t o  s t o r e  thermal energy. The r e fe rence  Space S t a t i o n  thermal 

c o n t r o l  system is  a t h r e e  l e v e l  two phase sys t em.  The middle temperature  loop 

uses  amnonia and is  designed t o  ope ra t e  a t  70'F. This  loop handles  70% of 

t h e  Space S t a t i o n  thermal load and w a s  s e l e c t e d  as t h e  waste hea t  source f o r  

2 2  

t he  propuls ion  sys tem.  For s i z i n g  purposes t h i s  is  modeled a s  a length  of a 
11 



E m p i r i c a l  F i t  t o  Neu t ra l  A t m o s p h e r i c  D e n s i t y  Data 
The coefficients are  : 
a( 1 ) = 1 1 .go876 
a(2) = -7.5551 26 
a( 3) = 6808.555 
a(4) = 4.642734 
a( 5) = -.3584 1 62 
a(6) = 36891.5 
a(7) = -.2293494 
a( 8 ) = -9327.29 

Rms e r r o r :  1.01 16 The function terms a r e  : 
Phil =cos(Year-phase shift) 
Phi2=(cos+l)^2 
Phi3=exp(-alt /40) 
Phi4=cos(2*Year-phase shift) A Phi5=cos(3*Year-phase shift) 

11 
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25 lb f  GO2/GH2 Thruster Model 
Curve fit t o  Marquardt G02/GH2 engine data 
Thrust = 25 l b f  Chamber pressure = 150 psia 

RMS error= .3137651 

425 

The coefficients a r e  : 

a( 2 ) =  73.29655 02=MR 
a( 3 )=-20.08096 03=MRA2 
a( 4 = 2.191749 04=MRA3 
a( 5 ) = -9.272976E-02- 05=MR'4 

a( 1 ) =  341.8986 01 =1 
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Mixture Rat io  

Figure 11-5 - Thruster Curve Fit 
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tub ing  with an assumed 70°F i n t e r n a l  wall  temperature.  The ammonia s i d e  hea t  

t r a n s f e r  c o e f f i c i e n t  i s  assumed t o  h e  250 BTU/ft 2-hroR. These h e a t  

exchangers w i l l  s c a l e  with the  mass flow r a t e  of  t he  p r o p e l l a n t ,  assuming 

f ixed  space s t a t i o n  des ign  condi t ions .  The s i z i n g  r e l a t i o n s h i p  developed 

r e t u r n s  an "equivalent"  h e a t  exchanger tube length  f o r  t he  given des ign  

parameters (SS f l u i d  p r o p e r t i e s  and hea t  exchanger geometry) and the  necessary  

h e a t  f l u x ,  p r o p e l l a n t  mass flow r a t e s  and p rope l l an t  f l u i d  p r o p e r t i e s .  Tube 

length  i s  then used t o  estimate hea t  exchanger mass and c o s t  from empir ica l  

r e l a t i o n s h i p s .  

The f l u i d  s imula t ion  model r equ i r ed  development of a more d e t a i l e d  

phys ica l  d e s c r i p t i o n  of the  hea t  exchangers. This  was n e c e s s i t a t e d  bv t h e  

vary ing  f l u i d  p r o p e r t i e s  of t he  cryogenic  s u p e r c r i t i c a l . f l u i d s  encountered i n  

t he  h e a t  exchangers.  The s tandard  h e a t  exchanger assumptions f o r  i d e a l  ea ses  

were not  app l i cab le .  Two approaches were examined; a s imple l i n e a r  f l u i d  

proper ty  f i t  of c vs  the  bulk f l u i d  and w a l l  temperature  d i f f e r e n c e ,  and a 

h iphe r  order  i t e r a t i v e  approach. With an accuracy d i f f e r e n c e  of l e s s  than two 

pe rcen t ,  t he  s impler  approach was used, mainly to  speed execut ion  of t h e  

program. The equat ion  and i t s  d e r i v a t i o n  i s  presented i n  Appendix A. 

E s s e n t i a l l y ,  the  s imula t ion  r o u t i n e  u s e s  the f ixed  hea t  exchanger geornetrv 

from the  s i z i n g  program. Using a u s e r  suppl ied  mass flow r a t e  f o r  the  

blowerfheat  exchanger loop, t he  r o u t i n e  p r e d i c t s  the hea t  exchanger e x i t  

temperature  from which t h e  thermal energy t r a n s f e r r e d  can be determined. For 

t he  purposes of f l u i d  s imula t ion ,  both the thermal s t o r a g e  and condensing h e a t  

exchangers a r e  the  same. The s imula t ion  model does not  a t tempt  t o  model the 

phvsics  of t he  thermal s to rage  hea t  exchanger,  p r imar i ly  due t o  lack  of  d a t a ,  

b u t  a l s o  because t h e  gross  impacts of  t h i s  type of h e a t  exchanger can be 

adequately accounted f o r  by t he  s i z i n g  r o u t i n e .  

P 

The phase change o r  thermal s to rage  type hea t  exchanger w i l l  s c a l e  with 

t h e  maximum quan t i ty  of thermal energy t o  be t r a n s f e r r e d .  Thus thev a r e  

s e n s i t i v e  t o  the  worst  combination of p rope l l an t  mass and temperature  

d i f f e r e n c e  requi red  by a s i n g l e  burn. S iz ing  then depends on the  r eboos t  

mode. These h e a t  exchangers w i l l  t h e r e f o r e  become smaller as t h e  burn 

frequency i n c r e a s e s  and t h e  ind iv idua l  burn t i m e s  decrease.  The s i z i n ?  

r o u t i n e  u s e s  t h e  mass of t he  burn and t h e  s t o r a g e  tank end temperatures  t o  

determine the  maximum amount of thermal energv requi red .  From t h i s ,  the  mass 

of  t he  wax and r equ i r ed  h e a t  t r a n s f e r  area a r e  es t imated.  Cur ren t ly ,  

15 



octadecane wax is being used  t o  estimate the  mass of phase change m a t e r i a l  

needed. The mass and s i z e  of the  hea t  exchanger can then he  computed with an 

assumed e f f i c i e n c v  and s u i t a b l e  geometry assumptions.  The modeling diagram 

used i s  shown i n  F igu re  11-7. 

The s i z e  of t he  accumulators depends upon t h e  reboos t  mode and the  

p re s su re  blowdown range chosen. Accumulator tank diameters  a r e  shown a s  a 

func t ion  of t o t a l  impulse i n  F igu re  11-8. This  f i g u r e  assumes four  

accumulators each f o r  oxygen and hydrogen. The bottom p res su re  i s  determined 

by a l lowable  t h r u s t e r  i n l e t  cond i t ions ,  t he  top p res su re  by the  pump p res su re  

r a t i o  (and s o l a r  hea t  soaking of the  accumulator,  i f  a l lowed).  The reboos t  

mode parameters  and maximum hea t  f l u x  a v a i l a b l e  t o  t h e  propuls ion  svstem 

determine the  minimum amount of mass t o  be s t o r e d  i n  the accumulators.  

However, t he  a b s o l u t e  minimum amount s t o r e d  must be enough t o  handle  t h e  

s h u t t l e  docking d i s tu rbances  ( 50,000 lb f - sec ) .  The s i z i n g  model developed 

uses  composite accumulator m a t e r i a l  p r o p e r t i e s  t o  e s t ima te  s p h e r i c a l  tank 

aeometrv and weight ,  with allowances f o r  "nonoptimum 'I e f f e c t s .  The exac t  

design f o r  t h e  accumulators w i l l  be  determined dur ing  Task 111. 

The s i z i n g  r o u t i n e  developed f o r  s u p e r c r i t i c a l  tanks r e t u r n s  es t imated  

volumes and masses of t he  tanks based upon the  mass of p rope l l an t  requi red  hv  

t h e  reboos t  s t r a t e g y  and f l u i d  p r o p e r t i e s  a t  the  i n i t i a l  and f i n a l  

cond i t ions .  Constant  p re s su re  expuls ion is  assumed so t he  determining f l u i d  

proper ty  i s  t h e  f i n a l  s t o r a g e  temperature ,  assuming i n i t i a l  temperatures  of 

36"R and 1 l O " R  for the  hydrogen and oxygen, r e s p e c t i v e l v .  For the  hydrogen 

s u p e r c r i t i c a l  s t o r a g e  tanks ,  a t r ade  o f f  e x i s t s  between h ighe r  f i n a l  

temperatures  reducing the  s i z e  of t he  tanks and inc reas ing  the  s i z e  of t he  

s t o r a g e  tank h e a t  exchanger. This  r e s u l t s  from t h e  increased  h e a t  f l u x  

r e q u i r e d  a t  t h e  end of tank expuls ion.  Furthermore, t he  use  of a pump in the  

hydrogen l i n e  reduces t h e  temperature  r equ i r ed  out  of  t he  p r o p e l l a n t  

cond i t ion ing  h e a t  exchanger.  For an accumulator temperature o f  540"R a t  1000 

P s i a ,  t h e  pump i n l e t  temperature  is 370'R. A t  t h e  end of tank expuls ion ,  no 

h e a t  f l u x  is  r equ i r ed  from the  hydrogen p rope l l an t  cond i t ion ing  h e a t  

exchanger,  however, t h e  s t o r a g e  tank h e a t  exchanger r e q u i r e s  25 Kw a t  a 100 

l b f  flow r a t e .  Conversely,  lower tank end temperatures  inc rease  the  r equ i r ed  

tank s i z e  r e s u l t i n g  i n  increased  launch mass. The choice of a f i n a l  d e p l e t i o n  

temperature  w i l l  r e q u i r e  a c a r e f u l  balancing of the  s u p e r c r i t i c a l  tank s t o r a g e  

(and l o g i s t i c s )  e f f i c i e n c v ,  with the  svs tem ope ra t ion  e f f i c i e n c y .  
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The f l u i d  s imula t ion  program n e c e s s i t a t e d  t h a t  a more complete model of  

t h e  s u p e r c r i t i c a l  tank he developed. This  model w a s  developed t o  p r imar i ly  

model t he  system ope ra t ion  during tank outflow. Hence, the hea t  t r a n s f e r  

between t h e  tank walls and t h e  f l u i d s  w a s  neglec ted  r e l a t i v e  t o  the  hea t  be ine  

i n t e n t i o n a l l y  added t o  main ta in  tank pressure  during outflow. The model 

assumes t h a t  t he  f l u i d s  a r e  completely mixed so a s i n g l e  node i s  a l l  t h a t  i s  

necessary  to  r ep resen t  t he  tank. During tank outf low,  f l u i d  is removed from 

t h e  tank and s e n t  through the  s to rage  tank hea t  exchanger where hea t  is  

t r a n s f e r r e d  t o  t h e  f l u i d  p r i o r  t o  r e in t roduc ing  the  f l u i d  i n t o  the  tank. This  

Process  i s  modeled by t h e  s imula t ion  programs s u p e r c r i t i c a l  tank subrout ine .  

The equat ions  and d e r i v a t i o n  a r e  shown i n  Appendix B.  Cur ren t ly ,  the  proceqs 

modeled i s  a cons t an t  mass flow from t h e  tank with v a r i a b l e  hea t  t r a n s f e r .  A 

t y p i c a l  outf low p l o t  i s  shown f o r  the  hydrogen tank i n  F igure  11-9. The 

r o u t i n e  w i l l  be modified t o  model t h e  cons tan t  hea t  f l u x / v a r i a b l e  mass flow 

c a s e  dur ing  Task 111. The c u r r e n t  model can be used t o  approximate t h e  

per iods  between burns by using a very small  e x t e r n a l  loop mass flow t o  

t r a n s f e r  t he  hea t  equ iva len t  t o  the  hea t  leak which would occur  during coas t  

per iods .  This  would he an approximation because the  w e l l  mixed tank 

assumption would probably not  be v a l i d .  However, the  a l lowable  hea t  leak  

could be determined t h i s  way. 

E.  Model I n t e g r a t i o n  

Two svstem models were prepared dur ing  the  performance of Task I ,  a s i z i n g  

program used t o  i n v e s t i g a t e  svstem l e v e l  s e n s i t i v i t i e s  t o  des ign  parameters ,  

and a f l u i d  s imula t ion  r o u t i n e  which e s t ima tes  quas i - s t eadys t a t e  f l u i d  

p rope r t i e s  as t h e  system operates. The l a t e r  a l s o  se rves  as a check on the 

s i z i n g  r o u t i n e  as w e l l  a s  t h e  program t o  be generated i n  Task I V .  

component r o u t i n e s  used i n  t h e  ind iv idua l  programs a r e  descr ibed  i n  t h e  

Previous sec t ion .  The two r o u t i n e s  were developed independent ly  so the  check 

func t ion  i n t e g r i t y  could be maintained. 

The 

The top l e v e l  o rgan iza t ion  f o r  the  s i z i n g  r o u t i n e  is  shown i n  

F igure  11-10. The program was designed t o  support  i n t e r a c t i v e  ana lvses  and t o  

run  on a personal  computer. For t h i s  reason t h e  inpu t /ou tpu t  was broken i n t o  

t h r e e  s e c t i o n s  progress ing  from top l e v e l  t o  lowest l e v e l .  The top l e v e l  

s y s t e m  parameters a r e  concerned with the  amount of p r o p e l l a n t  r equ i r ed  and t h e  
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duty cyc le  by which t h i s  p rope l l an t  i s  consumed. Space s t a t i o n  drag and 

t h r u s t e r  performance parameters  a r e  used bv the  atmosphere and t h r u s t e r  models 

t o  determine the  amount of p rope l l an t  requi red  and the  t h r u s t e r  burn t i m e  

parameters.  This  s e c t i o n ,  termed "Reboost", i s  used t o  exp lo re  Space S t a t i o n  

reboos t  s e n s i t i v i t i e s ,  l i k e  the  mixture r a t i o  t r ade  d iscussed  previous lv .  

Parameters a f f e c t i n g  t h e  mass flow and h e a t  f l u x  r a t e s  comprise the  next  

s e c t i o n ,  termed "Heat & Mass Flux". A t  p resent ,  t he  program u s e s  p r o p a l l a n t  

s t o r e d  i n  t h e  accumulators p lus  " r ea l  time" condi t ioned  p r o p e l l a n t  t o  make UP 

t he  p r o p e l l a n t  mass requi red  by a burn. 

reduce the  mass flow r a t e  requi red  ou t  of t he  cond i t ion ing  system f o r  a f ixed  

burn mass. The hea t  f l uxes  and pump power s c a l e  with the  p rope l l an t  mass flow 

r a t e .  Hence, once t h e  sines and ope ra t ing  condi t ions  f o r  t h e  accumulators a r e  

s p e c i f i e d ,  t h e  mass flow r a t e s ,  t he  pumping power and the h e a t  €luxes r equ i r ed  

can be determined. A s  with t h e  Reboost segment, t h i s  segment can h e  used t o  

explore  sys t em s e n s i t i v i t i e s  r e l a t e d  t o  mass flow r a t e .  For i n s t a n c e ,  the 

accumulator s i z e  can be used t o  a d i u s t  the  peak power requi red  hv the  s t o r a g e  

and p r o p e l l a n t  cond i t ion ing  hea t  exchangers.  

Therefore ,  l a r g e r  accumulators w i l l  

The f i n a l  segment, termed "Component", i s  used  t o  s i z e  the  components 

a f t e r  the  previous two l e v e l s  have been def ined .  The input  c o n s i s t s  mainly o f  

h e a t  exchanger type s e l e c t i o n ,  and t h e  number of accumulator and s u p e r c r i t i c a l  

s to rage  tanks.  S u p e r c r i t i c a l  tank and accumulator m a t e r i a l  and geometries a r e  

p re sen t ly  f i x e d ,  a l though they w i l l  h e  enabled when the  system d e f i n i t i o n  

progresses  t o  t h a t  l e v e l  of d e t a i l .  A t  t h a t  po in t  the  program w i l l  be  

modified so t h a t  each cmponent  is  i t s e l f  a program segment. This  segment of 

the  program i s  used t o  a d j u s t  t h e  packaging of the  accumulator and resupvlv 

tanks.  The program c u r r e n t l y  inc ludes  a 20% contingency f o r  s i z i n g  the  

supe rcT i t i ca1  tanks.  

included a s  op t ions  f o r  hoth the  s to rage  and p r o p e l l a n t  cond i t ion ing  

l o c a t i o n s .  The program must t r e a t  each u n i t  s e p a r a t e l y  because the  des ign  

p o i n t  f o r  each p r o p e l l a n t  changes by l o c a t i o n  and type. The thermal s t o r a g e  

u n i t s  s c a l e  with the  quan t i ty  of mass t o  be condi t ioned while t he  condensers 

s c a l e  with mass flow r a t e .  The s t o r a g e  tank hea t  exchangers must vary hea t  

f l u x  over a 6 : l  range i f  a cons t an t  m a s s  flow from the  tanks is t o  b e  

maintained.  The design cond i t ion  f o r  t he  hvdrogen s t o r a g e  tank h e a t  exchanger 

occurs  a t  t h e  end of tank expuls ion  unless  t he  f i n a l  temperature  is l e s s  than 

approximately 10O0R. The i n i t i a l  s t o r a g e  cond i t ions  p re sen t  t h e  design po in t  

The two t y p e s  of hea t  exchangers descr ibed  above a r e  
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for the oxygen storage heat exchangers. The final conditions will size the 

Dropellant conditioning heat exchangers for hoth fluids because the 

temperature difference is least at that point. 

An integrated fluid simulation model was written to model the fluid 

outflow from the supercritical tanks through to storage in the accumulators. 

Fluid properties are computed as a function of time. Two basic fluid loops 

are modeled, one the external heat exchanger 10011 used to add the heat to 

maintain tank pressure and the second used to condition the propellants from 

the storage conditions up to the accumulator conditions. The accumulator 
hlowdown itself was not modeled. The routine sums the energy added to the 

fluid mass in small time steps so that quasi-steady fluid flow and constant 

fluid property assumptions can be used. Ideal gas assumptions were used for 

the accumulator fluids. A flow diagram for the program is presented in 

Figure 11-11 and a schematic is shown in Figure 11-12, The two fluids are 

treated separately for ease of programming. The use of accumulators to 

separate the fluid conditioning system from the thrusters enables this 

simplification. The simulation program uses data from the sizing routine A S  

input. A sample run for an earlier design point is shown in Figure 11-13. 

This run used 1280 l b m  of propellant stored in one tank per fluid with the 

initial conditions as slated on the chart. The total energv required will 

scale with the total propellant mass as long as the fluid end conditions arc? 

similar. The newer drag calculations indicate about a 60% reduction in 

required propellant resulting in a corresponding reduction total energv input. 

F. OW Propulsion Requirements 

Propulsion requirements were assembled for O W .  These include total 

impulse, thrust level(s), duty cycles, and envelope restrictions (where 
applicable). These propulsion requirements were primarily taken from 

previously completed studies on OMV. The pertinent O W  propulsion 

requirements are shown in Table 11-3. The missions these apply to include the 

following list of OMV operations: 

Payload placement and/or retrieval 

Payload reboost 

Payload deboost to re-entry 

Payload viewing or in-situ servicing 

Provide base support 

OTV/Payload transfer 
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TABLE 11-3 OMV PROPULSION REQUIREMENTS 

REQUIREMENT VALUE REMARKS 

Tota l  Impulse 1 . 9  M l b f - s e c  DRMs 

Thrust Levels 
- d e l t a  V 800 l b f  t o t a l  
- ACS 15 l b f ;  24 
- prox. ops 5 l h f ;  24 

P r o p e l l a n t  
acq u i  s it  i o n  

Total tank 
expul s ion  i n  zero-g 

Orbit a d j u s t  

Cold gas  
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Propuls ion system dry weight estimates were used i n  c a l c u l a t i n g  the 

p r o p e l l a n t  q u a n t i t i e s  requi red  t o  complete the  OMV Design Reference Missions 

with each of t h e  OMV propuls ion  system candida tes .  An a d d i t i o n a l  1436 lbm 

( e l e c t r i c a l  power s y s t e m ,  v ideo ,  e t c . )  was added to  the  propuls ion svs tem drv 

weight i n  o rde r  t o  ob ta in  a " f u l l  up" OMV dry weight. 
a 

The fol lowing s p e c i f i c  impulse va lues  were used f o r  the  candida te  OMV 

propuls ion  s y s t e m s :  

S t o r a b l e  B ip rope l l an t  - 305 sec ,  (285 sec  f o r  low t h r u s t )  

Hydrazine - 230 sec  

G02/GH2 - 415 sec  (405 sec  f o r  low t h r u s t )  

S u p e r c r i t i c a l  0 2 / H 2  - same a s  G02/GH 2 

Table  11-4 shows t h e  Design Reference Mission (DRM) des igna t ion  numbers, 

the  quan t i ty  of those miss ions ,  and t h e  mission p rope l l an t  q u a n t i t i e s  f o r  each 

O f  the  propuls ion  system ( p r o p e l l a n t )  candida tes .  Missions 2 and 9 were 

a l t e r e d  s l i g h t l v  from the  Design Reference Mission d e s c r i p t i o n s  t o  r e f l e c t  O W  

opera t ion  out  of Space S t a t i o n  r a t h e r  than t h e  STS. For i n s t a n c e ,  i t  was 

assumed t h a t  t he  payload placement of Mission 2 would b e  500 nmi 

(340 nmi above an STS a l t i t u d e  of 160 nmi o r  250 nmi above a Space S t a t i o n  

a l t i t u d e  of 250 nmi) r a t h e r  than 340 nmi above a n  OMV base  (SS o r  STS) 

a l t i t u d e  of 250 nmi. Likewise,  i n  Mission 9 i t  was assumed t h a t  t he  s e r v i c i n g  

mission was t o  t ake  p lace  a t  1 ,000 Km (290 nmi above the  Space S t a t i o n  o r h i t  

a t  250 nmi) a t  a co-orb i t ing  platform r a t h e r  than 400 nmi above a 260 nmi STS 

base  (which amounts t o  1 ,000  Km) o r  a 250 nmi Space S t a t i o n  base a s  s p e c i f i e d  

in the DRM. 

a 

Modifying DRM's 2 and 9 al lows a G02 /GH2 OMV propuls ion  svstem s i zed  

f o r  2,600 lbm usab le  p r o p e l l a n t  t o  cap tu re  the  maior i ty  of the  OMV miss ions .  

A GO /GH system s i z e d  t o  c a p t u r e  the  u l t i m a t e  O W  missions would r e s u l t  

i n  e i t h e r  an extremely massive OMV ( n e a r l y  20,000 lbrn i n  drv weight and 5,600 

lbm p r o p e l l a n t )  i n  o rde r  t o  complete DRM 10, o r  an i n f i n i t e  s i z e  OMV (no 

s o l u t i o n  i n  s i z i n g )  t o  complete DRM 6. 

2 2  
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Table 11-4 - O W  Propellant Requirements ( I  992-2000) 

I 1 I 4 I 5824 23296 I 4394 I 18316 14295(25/1)1 17180 I 4083 I 16332 1 

Totals 364892 26921 1 271 8 60 245026 

To tal  s w i  t hou  t 
Log Nodule Fer ry  
(DRM 10) 99836 73224 83760 86230 

(w/o DRM 6 )  

(w/o DRM 6 )  

11068 I 1980 I 3 I 4 I 2 / 6 1  
I 4 1 2 1  2300 4600 I 1 680 

* a1 t e r e d  t o  250 nmi above base (500 n m i  ) 
** a l t e r e d  t o  290 nmi above base (1000 K m )  

** vehicle uniquely s i z e d  f o r  this mission 

7920 I 253/ I 10228 I 2336 1 9344 I 
3360 I 2175 I 4350 I 1 93 9 1 38 /81  

__ 
01 29Y /0019H 

I 6 I 2 I 4083 I 8166 I 2 /34 I 5468 I N 0  Sol u t i  - on 

29 

4 /08  1 9416 I 



The OMV s h a l l  a l s o  s h a l l  a l s o  be capable  of growth i n  o rde r  t o  

accommodate "Future  Capab i l i t y  Missions . ' I  These inc lude :  

Extended on-orbi t  opera t ion  

Secondary upper s t a g e  

Operat ions i n  GEO ( inc lud ing  s e r v i c i n g  and r e f u e l i n g )  

G. OTV Propuls ion  Requirements 

The primary d r iv ing  mission for OTV des ign  a s  def ined  i n  the  NASA MSFC 

Revision 8' OTV Nominal Mission Model c o n s i s t s  of d e l i v e r i n g  a 20000 lbm 

payload t o  GEO. The o t h e r  d r iv ing  missions inc lude  12000 lhm d e l i v e r v  to  GEO 

with 2000 lbm re turned  and a manned s e r v i c i n g  mission s e r v i c i n g  mission with 

7500 lbm de l ive red  t o  and from GEO. Table  11-5 shows t h e  r e s u l t i n p  propuls ion  

requirements for OTV. 
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TABLE 11-5 OTV PROPULSION REQUIREMENTS 

REQUIREMENT VALUE REMARKS 

d e l t a  V 14000 f p s  LEO t o  CEO 
6600 f p s  d e o r b i t  h rendezvous 

Payload 20000 lbm t o  GEO Rev. 8 ,  MSFC 
7500 lbm LEO-GEO-LEO 

Mission t i m e  3 days 
20 days 

20,000 lhm d e l i v e r v  
7500 lbm round t r i p  

# Burns 6 LEO-GEO-LEO 

Thrus t  
- d e l t a  V 
- ACS 

Safe tv  
- Manned 
- Unmanned 

15000 l b f  t o t a l  Minimize d e l t a  V 
100 l b f  (14 p l aces )  Aerocapture maneuver 

F a i l  s a f e  
F a i l  ope ra t iona l  

Return t o  LEO 
Complete miss ion  

H. P la t form Propuls ion  Requirements 

Propuls ion  requirements  f o r  po la r  and co-orb i t ing  p la t forms  der ived 

from Space S t a t i o n  WP-03 s t u d i e s  a r e  shown i n  Table  11-6. 

Emphasis on p la t form propuls ion f o r  t he  po la r  missions is l a r g e l y  on 

performance due t o  the  high energv requirements of d e o r b i t  , rendezvous with 

STS f o r  s e r v i c i n g ,  and reboos t  t o  ope ra t iona l  a l t i t u d e .  I n  a d d i t i o n ,  t he  long 

on o r b i t  t i m e  (30 m o ) ,  imposes some r e s t r i c t i o n s  on p rope l l an t  choice such as  

t h e  e l imina t ion  of cryogenic  f l u i d s ,  both s u b c r i t i c a l  o r  s u p e r c r i t i c a l .  

Therefore ,  with s i m i l a r  d r i v i n g  requirements  of performance and long miss ion  

t i m e s  f o r  OMV, t h e  p la t form candida te  p r o p e l l a n t s  a r e  s i m i l a r  t o  those  chosen 

f o r  O W .  

hydrogen, and hydrazine.  

These inc lude  NZ04/MMH, N 0 /N H gaseous oxygen/ 
2 4  2 4 ’  

The ope ra t iona l  a l t i t u d e s  f o r  t h e  p la t form missions range from 400 km 

(216 nm) t o  900 Km (486 nm) f o r  t he  p o l a r  platform and 500 km (270 nm) t o  1000 

km (540 nm) f o r  t he  non-coplanar co-orb i te r .  Se rv ic ing  f o r  t h e  p o l a r  Dlatform 

i s  intended t o  take  p lace  every 30 months. The s e r v i c e  i n t e r v a l  f o r  t h e  

non-coplanar co-orb i te r  i s  from one t o  two years depending upon t h e  a l t i t u d e  

d i f f e r e n c e  from the  Space S ta t ion .  Otherwise,  these  p la t forms  must b e  

se rv iced  by a s h u t t l e  launched i n t o  t h e i r  plane.  a 
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The p o l a r  o r b i t  I O C  platform r e q u i r e s  two s h u t t l e  launches t o  p l ace  t h e  

s e r v i c e  co re ,  payload c a r r i e r ,  and payload i n t o  o r b i t .  Using the  f u l l  

ca r ry ing  c a p a b i l i t y  of t h e  s h u t t l e ,  an i n i t i a l  mass of 27045 l b m  was assumed 

f o r  t he  platform.  F igure  11-14 shows the  p l a t fo rm round t r i p  v e l o c i t y  

requirements  f o r  v a r i a t i o n s  i n  ope ra t iona l  a l t i t u d e  s t a r t i n g  a t  a s e r v i c i n g  

a l t i t u d e  of 350 km (189 nm) and us ing  the  27045 lbm i n i t i a l  mass. The 

performance paramet r ics  f o r  f i v e  of t h e  platform propuls ion  op t ions  

(B ip rope l l an t  (N204/MMH), Dual Mode B ip rope l l an t  (N204/N2H4), 

Hydrazine,  Cold Gas 0 /H -100% Deliverv and Storage Tanks, 

GO /GH -Elec t ro lys i s -10% Accumulators were determined f o r  s e v e r a l  d e l t a  

v e l o c i t i e s  i n  t h e  range. The OMV de l ive red  e l e c t r o l y s i s  svstem was not  

considered f o r  t h e  p o l a r  platform due to  the  high penal ty  to  the  payload mass 

caused by d e l i v e r i n g  the  OMV a long  with the  p la t form t o  t h e  s e r v i c i n g  o r b i t .  

F igure  11-15 summarizes t h e  payload c a p a b i l i t y  f o r  each sys t em a t  the v a r i o u s  

v e l o c i t i e s .  

2 2  

2 2  
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TABLE 11-6 PLATFORM PROPULSION REQUIREMENTS 

REQU IREME NT VALUE REMARKS 

Payload 
- Pola r  
- Co-orb i t ing  

A l t i t u d e  
- Pola r  
- Co-orb i t ing  

Power Ava i l ab le  
- Continuous 
- O r b i t  a d j u s t  

Mission T i m e  

4000-5000 K g  
6000-10000 Kg 

400-900 Km 
463-1000 Km 

0.5 Kw 
5.0 Kw 

350Km s e r v i c e  a l t .  
SS s e r v i c i n g  

du r ing  on-orbi t  
experiments shut  down 

30 mo.  on-orbit  r e t u r n  t o  STS f o r  
s e r v i c  ing  

Accelera t ion  0.03g MAX Sola r  a r r a y  

I. O M V ,  PLATFORM & OTV PROPULSION SYSTEM CANDIDATES 

The candida tes  considered f o r  OMV and p la t forms  propuls ion a r e  l i s t e d  
below: 

- OMV PLATFORM 

N204/N2H4 

N2H4 

02/H2 (Gaseous) 

N2°4/N2H4 

N2H4 

02/H2 ( E l e c t r o l y s i s )  

02 /H2  (Gaseous) 

These p r o p e l l a n t s  and r e s u l t i n g  propuls ion  svstems configured to  m e e t  

t h e  requirements  d i scussed  e a r l i e r  were t h e  candida te  concepts  examined i n  

depth.  

Due t o  t h e  r e s u l t s  of t h e  OTV Concept D e f i n i t i o n  and Study Analys is ,  

Cont rac t  NAS8-36108, and the  Advanced OTV Propuls ion  System Study,  Cont rac t  

NAS3-23858 (both  performed a t  Martin Mar i e t t a )  , a cryogenic  L02/LH2 

concept has  been recommended f o r  space based OTV. This recommendation was 

33 



L 

c 
3 
0 
a: 

n 
7 
Y 
W 

3- 
0 0  
L E  
+ O  
W.- 

Y 

(D 

0 

34 



8 
0 
7- 

X 

fl 
0 
(3 

0 
0 

C 
0 
I 

f 

.- 
a 

a 

35 



based upon t h e  r e s u l t  t h a t  l a r g e  q u a n t i t i e s  of  e a r t h  s t o r a b l e  p rope l l an t  would 

be r equ i r ed ,  hence lower r ecu r r ing  c o s t  would be encountered f o r  the  h ighe r  

performine cryogenic  concept.  

The fo l lowing  d i scuss ion  i l l u s t r a t e s  whv t h e  choice  of a high a performance p r o p e l l a n t  combination is necessary f o r  reasonable  accommodation 

of high energy OTV missions.  

expressed by a cons t an t  va lue  of  hardware weight (independent of t o t a l  svstem 

s i z e )  plus  a weight of hardware tha t  depends on t o t a l  p r o p e l l a n t  loaded. This  

i s  expressed as :  

The dry weight of a propuls ion  system can be 

where: 

Mdrv  = v e h i c l e  dry mass 

A = cons tan t  hardware mass 

B = v a r i a b l e  hardware f a c t o r  

Mprop loaded p r o p e l l a n t  mass 

F igure  11-16 shows t h e  c h a r a c t e r i s t i c s  of s ing le - s t age  l i q u i d  

propuls ion  v e h i c l e s  and t h e i r  l i m i t a t i o n s .  The x-axis is the  nondimensional 

parameter of d e l t a  V d iv ided  by s p e c i f i c  impulse ( I  1. The y-axis i s  the  

r a t i o  of v e h i c l e  and pavload i n i t i a l  mass ( inc lud ing  p r o p e l l a n t )  divided hv  

payload mass and v e h i c l e  cons t an t  hardware mass (A). 

SP 

Severa l  conclus ions  may be drawn from the  f i g u r e .  The f i r s t  i s  t h a t  

f o r  a large enough d e l t a  V ,  t h e r e  is an asymptot ic  va lue  f o r  a given 

p r o p e l l a n t  combination and engine technologv (I ) f o r  which no amount of 

p r o p e l l a n t  can d e l i v e r  any s i z e  payload. 

t h a t  imposes a d e l t a  V above the  asymptotic va lue ,  e i t h e r  a h ighe r  energy 

p r o p e l l a n t  must be chosen o r  t h e  requi red  d e l t a  V must be reduced ( a s  with an 

aerocapture  maneuver of some s o r t ) .  For a low-earth o r b i t  (LEO) t o  

geosvnchronous e q u a t o r i a l  o r b i t  (GEO) payload de l ive ry  with an ae rocap tu re  

r e t u r n ,  the  r equ i r ed  d e l t a  V i s  about 20,000 f p s  f o r  a v e h i c l e  with a l i f t  t o  

drag  r a t i o  (L/D) of zero.  Also, a reasonable  estimate f o r  B f o r  l a r o e  

propuls ion  s y s t e m s  is about 0 .1  f o r  s t o r a b l e  p r o p e l l a n t s  (N204/MMH) and 

about  0.125 f o r  L02/LH2 ( r e f  Magnetoplasmadvnamic Thrus t e r  D e f i n i t i o n  

Study performed f o r  AFRPL, Contract  F04611-82-C-0049). So, f o r  a s t o r a b l e  

p r o p e l l a n t  combination, t h e  d e l t a  V o f  20,000 f p s  places the  va lue  of x very  

SP 
Therefore ,  t o  complete a miss ion  
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near  t h e  asymptot ic  va lue  f o r  t o t a l  v e h i c l e  weight.  I n  o t h e r  words,small 

sav ings  i n  d e l t a  V and/or  i nc reases  i n  I 

t o t a l  v e h i c l e  mass f o r  a given payload mass. For example, providing a v e h i c l e  

wi th  a L/D o f  1.0 w i l l  r e s u l t  i n  a poss ib l e  i n c l i n a t i o n  change c a p a b i l i t y  on 

GEO t o  LEO r e t u r n  of 14 deg and a d e l t a  V savings of only about  800 f p s .  

Th i s ,  however, i s  va luab le  i n  terms of reducing s t o r a h l e  p r o p e l l a n t  

requirements  and t o t a l  s i z e  of the  r e s u l t i n g  v e h i c l e  even with a subsequent 

i n c r e a s e  i n  drv weight because of the  h igher  L/D r a t i o .  The re fo re ,  the h ighe r  

L /D approach appears  necessary fo r  a v e h i c l e  with a s t o r a b l e  Dropel lan t  

combination i n  o rde r  t o  achieve a s e n s i b l e  des ign  poin t  for v e h i c l e  s i z i n g .  

r e s u l t  i n  very g r e a t  savings i n  
SP 
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A LO /LH propuls ion  sys t em with an aerobrake and a LID o f  ze ro  2 2  
provides  a d e l t a  V sav ings  of about 7500 f p s  when r e t u r n i n g  from GEO over an 

a l l -p ropu l s ive  s y s t e m  and r e s u l t s  i n  an x va lue  t h a t  is f i l r t he r  away from the  

asymptot ic  va lue  f o r  t o t a l  v e h i c l e  mass. Therefore ,  the  r educ t ion  i n  t o t a l  

v e h i c l e  mass i s  n o t  as dramatic  f o r  reduct ions  i n  d e l t a  V by going t o  L / D  

r a t i o s  g r e a t e r  than ze ro  as  f o r  t h e  s t o r a b l e  p r o p e l l a n t  svstem. This  is  a 

r e s u l t  of being on a " f l a t t e r "  p a r t  of t he  curve r e l a t i n g  x and t o t a l  svstem 

mass. For in s t ance ,  i n  providing a 800 f p s  reduct ion  i n  d e l t a  V dur ing  r e t u r n  

from GEO ( v i a  L/D of 1.01, t he  r e s u l t i n g  L02/LH2 t o t a l  propuls ion svs t em 

mass shows only a r educ t ion  of about 5%. This  assumes no i n c r e a s e  i n  d r y  

weight a s  a r e s u l t  of providing the  v e h i c l e  with a h ighe r  LID c a p a b i l i t y .  

Therefore ,  a m i d  to- h igh  LID conf igu ra t ion  i s  not  recommended f o r  a 

LO /LH v e h i c l e  because an i n c l i n a t i o n  change c a p a b i l i t y  does not  appear 

t o  b e n e f i t  t h e  system t o  a g r e a t  degree.  The concept of a low LID r eusab le  

aerobrake ,  however, i s  c o n s i s t e n t  with m a t e r i a l s  technology evolu t ion  f o r  t h e  

t i m e  frame of i n t e r e s t  and t h e  r e s u l t i n g  v e h i c l e  conf igu ra t ion  may be more 

amenable t o  component a c c e s s i b i l i t y  and s e r v i c i n g .  

e 

2 2  

Presen t  e s t ima tes  of p rope l l an t  q u a n t i t i e s  r equ i r ed  f o r  each s p a c e c r a f t  

considered i n  t h i s  study a r e  shown i n  Table  11-7 f o r  each of the  applicable 

p rope l l an t s .  The t o t a l  impulse used f o r  t he  Space S t a t i o n ,  O W ,  and p la t forms  

a r e  as fol lows:  e 
Space S t a t i o n  (90 day)  - 1,224,000 lbf -sec  

OMV ( loaded)  - 1,900,000 lb f - sec  

P la t forms  ( loaded)  - 1,500,000 l b  -sec f 
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Table  11-7 Candidate Concept P r o p e l l a n t  Es t imates  

PROPELLANT(S) SPACE STATION O W  OTV PLATFORMS 

N2H4 5560 l b m  8300 l h m  N / A  5750 l b m  
- .  

i nc ludes  ACS 

N ~ ~ ~ / M M H  3950 l b m  6700 l b m  and 97500 l b m  5000 lbrn 
200 lbm cold  1 s t a g e  and 

90800 lbrn 900 l b m  c o l d  gas  (N2) 
ACS 2 s t a g e s  gas  ( N 2 )  ACS 

a t  2 : l  MR 

N2H4lNZ04 6760 l b m  N / A  5260 l b m  
i nc ludes  inc ludes  

N/A N2H4 ACS N2H4 ACS 

2900 lhrn a t  4520 a t  MR 55000 lbm 4576 l h m  
MR = 4 : l  = 4 : l  a t  MR = 6 : l  a t  NR = 8 : l  
3200 lhm 4930 lhm a t  s u b c r i t i c a l  ( e l e c t r o l y s i s )  
a t  MR = 8 : l  MR = 8 : l  1 iquid  3676 a t  6 .2 :1  
( e l e c t r o l y s i s )  (gaseous)  and 408 sec.  

02/H2 

900 lhrn 02 
a t  67 sec. 

Heated 2040 l b m  N / A  N / A  N / A  
H2 
(R-Jet)  

0 d H 2  
s/c 

3000 lbm N / A  
a t  
MR = 6 : l  
( S / C )  

N / A  4421 l b m  
a t  MR = 6 : l  
( s / c )  
3521 a t  4 . 6  
and 426 sec.  
900 lbm a t  
67 sec .  
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Using these  t o t a l  impulse va lues ,  t he  o r b i t  a d j u s t  ( d e l t a  A and /o r  

maneuvering) p r o p e l l a n t  q u a n t i t i e s  f o r  t h e  var ious  Space S t a t i o n  element 

propuls ion  s y s t e m  candida tes  were computed. 

propuls ion  s y s t e m  90 day impulse used inc ludes  t h a t  r equ i r ed  f o r  ACS a l s o .  

The p rope l l an t  amounts shown f o r  OTV a r e  exc lus ive lv  f o r  d e l t a  V. For 

p l a t fo rm propuls ion and O W  t h e  d e l t a  V p r o p e l l a n t  amounts a r e  sometimes 

sepa ra t ed  from t h e  ACS (and/or  proximity ope ra t ions )  p rope l l an t  depending upon 

t h e  choice  of d e l t a  V p rope l l an t ( s1 .  For in s t ance ,  with N 0 /MMH u s e ,  a 

co ld  pas system i s  a l s o  r equ i r ed  due t o  contaminat ion cons ide ra t ions  f o r  OMV 

proximity ope ra t ions  around Space S t a t i o n  and f o r  p la t form ACS while  

on-orbi t .  Therefore ,  a s u i t a b l e  amount of  GH is  shown f o r  t h e  OMV and 

p la t form cold  gas svstems f o r  N 2 0 4 / N 2 H 4  candida tes  f o r  OMV and 

p la t forms  i s  t o  e l i m i n a t e  the  cold gas sys t em and u s e  monopropellant N H 

f o r  t h e  ACS o r  proximity ope ra t ions .  This  e x t r a  amount of N H is 

included i n  t h e  t o t a l  p rope l l an t  amount shown. 

The Space S t a t i o n  on-board 

2 4  

2 

2 4  

2 4  

The 0 /H cand ida te s  f o r  Space S t a t i o n  inc lude  ope ra t ions  a t  2 2  
mixture r a t i o s  of 4 : 1 ,  6 : 1 ,  and 8:1. The 4 : l  mixture  r a t i o  corresponds t o  a 

water e l e c r o l y s i s  propuls ion system (normally ope ra t ing  a t  a s to i ch iomer i c  

mixture  r a t i o  of 8 : l )  i n t e g r a t e d  with the  Space S t a t i o n  ECLSS i n  o rde r  t o  take 

advantage of the  l e f t o v e r  H2. A G 0 2 / G H 2  OMV could f e a s i h l y  be r e f u e l e d  

a t  Space S t a t i o n  and u t i l i z e  r e a c t a n t s  a t  the same mixture  r a t i o  as the  

on-board propuls ion system. The .6:1 mixture  r a t i o  corresponds t o  t h e  optimum 

ope ra t ing  poin t  f o r  maximum performance and minimum de l ive rv  weight f o r  

s u p e r c r i t i c a l  0 /H d e l i v e r y  and s to rage .  2 2  

111. TASK I1 - PROPULSION SYSTEMS CONCEPT SELECTION 

The o b j e c t i v e  of  Task I1 w a s  t o  s e l e c t  t he  most a t t r a c t i v e  propuls ion  

concepts  f o r  t h e  space s t a t i o n  from t h e  concevts  i d e n t i f i e d  i n  Task I. 

C r i t e r i a  used i n  the  s e l e c t i o n  included:  (1)  cons ide ra t ion  of technology 

r e a d i n e s s ,  (2)  des ign ,  development, tes t  and eva lua t ion  c o s t s ,  ( 3 )  l i f e  c y c l e  

c o s t s ,  ( 4 )  m a i n t a i n a b i l i t y ,  ( 5 )  r e l i a b i l i t y ,  and ( 6 )  e v o l v a b i l i t p .  I n  

a d d i t i o n  t o  making t h e  concept s e l e c t i o n ,  a s e l e c t i o n  of the  parameters  t o  

complete Task 111, Prel iminary Design was a l s o  t o  he made. With the  r e v i s i o n  

o f  t he  Statement of Work, an o b j e c t i v e  of s e l e c t i n g  the  most a t t r a c t i v e  

propuls ion  sys t ems  f o r  each Space S t a t i o n  e lement /propel lan t  combination and 

.- 

developing d e s c r i p t i o n s  of each of t hese  systems was added t o  t h i s  t a sk .  a 
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A. Space S t a t i o n  Propuls ion  Sys  tem F ina l  Evalua t ion /Se lec  t i o n  

The Concept S e l e c t i o n  Plan was submitted i n  May, 1985 f o r  approval  bv 

NASA LeRC and MSFC. The f i n a l  approved p lan  was resubmit ted i n  June ,  1985. 

The sys tem t o  be c a r r i e d  i n t o  the next two t a s k s  was s e l e c t e d  using t h e  

Concept S e l e c t i o n  Plan.  System 5-D from t h e  Pre l iminarv  Concept Se lec t ion  

t a sk  was chosen. This  svstem i s  shown i n  F igure  111-1 and d e t a i l e d  i n  

Table  111-1. The f i n a l  sys t em ranks a r e  shown i n  Table  111-2 .  While the  

recommended s v s t e m  placed t h i r d  on the  abso lu te  ranking used, the  gain i n  

a c t u a l  ope ra t iona l  f l e x i b i l i t y  was f e l t  t o  j u s t i f y  the  choice.  A s  can he seen 

i n  the  t a b l e ,  the  s y s t e m  s e l e c t i o n  ranks were s e n s i t i v e  to  the weight ing 

f a c t o r s  used. Three s e p a r a t e  ranking: r e s u l t s  are  shown i n  t h e  t a b l e ,  t he  

r e s u l t s  us ing  the  ranking from t h e  Concept S e l e c t i o n  Plan a r e  shown f i r s t .  

Upon examination, it was found t h a t  complexity,  maintenance and r e l i a b i l i t y  

were a l l  measuring the  same f a c t o r  and were t h e r e f o r e  over lv  b i a s i n g  the  

ranking process .  The second two rankings shown were a t tempts  t o  reduce t h i s  

over inf luence .  

The major f e a t u r e s  of t h e  s y s t e m  a r e ;  l a r g e  capac i ty  accumulators ,  low 

power condensing hea t  exchangers,  and pumps f o r  both f l u i d s .  The l a t e s t  Space 

S t a t i o n  drag  parameters v i e l d  a very modest reboos t  requirement of 

approximately 350,000 lbf -sec  f o r  t he  worst c a s e  90 day per iod .  

s u p e r c r i t i c a l  tanks and accumulators each f o r  t h i s  capac i ty  w i l l  e f f e c t i v e l v  

leave  the Space S t a t i o n  with a 180 day p rope l l an t  supply.  The accumulators 

a r e  s i zed  below t h i s  maximum amount t o  f i r s t  t ake 'advantage  of t he  " r e a l  t i m e "  

condi t ion ing  capac i ty  a v a i l a b l e  and secondlv because the  minimum years w i l l  

no t  r e q u i r e  even t h i s  amount of p rope l l an t .  B e s i d e s ,  t he  d e t e r m i n a t i o n  of t h e  

exac t  capac i ty  of the  tanks w i l l  need t o  awai t  a f u r t h e r  s t a g e  of Space 

S t a t i o n  development. Approximate s izes  a re  s u f f i c i e n t  to  cont inue  w i t h  the  

program. 

S iz ing  t h e  

The ope ra t ing  scena r io  f o r  t he  r e fe rence  reboos t  scheme begins w i t h  the  

accumulators f u l l y  charged when the  s h u t t l e  v i s i t s  f o r  Space S t a t i o n  

resupply.  The empty resupply tanks a t  t h e  s t a t i o n  a r e  then swapped f o r  f u l l  

ones and the  Space S t a t i o n  reboos ts .  The p rope l l an t  i n  t h e  resupplv tanks  

then is moved t o  t h e  accumulators dur ing  the  succeeding 90 days.  I f  t h e  Space 

S t a t i o n  reboost  scheme has  more f requent  reboos t  pe r iods ,  the  resupplv tanks 

may need a h ighe r  degree of thermal p r o t e c t i o n  so t h e  "bo i lo f f "  r a t e  from t h e  
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Table III-I - Baseline System Design Parameters 
INPUT PARAMETERS 

Initial altitude = 270 nautical miles starting in year 1993 
Reboost mode =Time 
G02/GH2 thruster MR = 6 O/F Chamber Pressure = 150 psia 
Thrust level 25 Ib 
Accumulator TI = 286,000 Ibf-Sec/lbm 

delta = 90 days 

Specific Impulse 423.5846 Ibf-sedlb, 

Accumulator pressure, psia 
Accumulator temperature, R 
Initial storage temperatures, 'R 
Final storage temperatures, 'R 
Prop Cond heat exchanger tube dia, inches 
Storage Tank heat exchanger tube dia, inches 
Number of Accumlators/PM 
Number of Supercritical tanks 

H;I 
1000 
450 
36 
150 
.25 
.5 
5 
3 

02 
1000 
450 
110 
400 
.25 
.5 
2 
3 

OUTPUT PARAMETERS 
Average atmospheric density: 6.57055 e-14 Ib&ftA3 
Days between reboost: 90 Altitude Change: 6.31 2 nMile 
Mass of propellant required for 90 days: 713.35 Ibm 
Mass of propellant required for reboost burn: 702.74 Ibm Bum Time = 49.61 minutes 

Mass flow rate, Ib&r 
Purrpworlckw 

H2 0 2  Total 
4.759 665 28.55799 33.31 765 
1.195554 1.793286E-02 1.21 3487 

Prop Cond outlet temp, 'R 31 2.851 7 441.2144 

Prop C o d  Max Q, kw 
Storage Init Q, kw 
Total Initial Q, kw 
Storage Min Q, kw 
storage Fin a, ION 

1 .a3638 1.35622 2.839858 
.3957597 1.773241 2.169001 
1.879397 3.1 29461 5.008859 
.1428875 .3011342 .4440217 
,5820867 .6022876 1.184374 

Storage mass flow rate, Ib&r 9.519329 57.1 1598 66.63531 
Prop Cond heat exchanger weight, Ibm .3984989 .953 6706 
Prop Cond heat exchanger length, ft 1.618198 3.872602 
Prop C o d  heat exchanger AP, psia .4506884 .E1415571 
Storage heat exchanger weight, Ibm .2607278 1.869397 2.1301 25 
Storage heat exchanger length, ft SO731 57 3.63741 3 
Storage heat exchanger AP, p i a  3.074398E-03 .0144928 

1.35217 

Accumlator volume, ft3 
Accumulator tank dia, in 
Accumulator weight, Ibm 
Supercritical volume, ft3 
Supercritical weight, Ib, 

TOTAL MIGHT, 

15.5581 7 16.02571 439.369 1 
37.1 6788 37.53653 
73.9491 5 76.1714 2088.354 
7.99701 7 2.833525 32.491 63 
84.00867 52.9396 41 0.8448 

1731.668 771.0131 2502.681 
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t anks  can be  c o n t r o l l e d  t o  f i t  t he  t h r u s t e r  use  r a t e .  The thermal p r o t e c t i o n  

f o r  t h e  resupply tanks  w i l l  need t o  be  t raded o f f  a g a i n s t  l a r g e r  accumulators 

s i n c e  the  concern h e r e  is  t o  avoid ove rp res su r i z ing  the  s u p e r c r i t i c a l  s t o r a g e  

tanks.  The thermal p r o t e c t i o n  on t h e  resupply tanks needs t o  be  minimized t o  

reduce t h e i r  launch c o s t .  This  t r ade  w i l l  be examined during the  execut ion  O f  

Task 111. 

The mass flow r a t e s ,  h e a t  f l uxes  and o t h e r  ope ra t ing  cond i t ions  were 

chosen t o  a l low complete recharging of the  accumulators wi th in  a 24 hour 

per iod .  A modest p re s su re  l e v e l  f o r  the  accumulators w a s  used t o  reduce the  

pumping power requi red  while y i e ld ing  a reasonablv s i zed  set  of accumulators .  

F ive  hydrogen and two oxygen accumulators were chosen f o r  t he  packaging and 

c o s t  advantages equal  s i z e  tanks w i l l  y i e ld .  The ind iv idua l  tanks a r e  plumbed 

toge the r  without  i s o l a t i o n  t o  save va lve  cos t s .  Ind iv idua l  tank i s o l a t i o n  i s  

an op t ion  t h a t  i s  not s t r i c t l y  requi red  to  meet the f a i l  o p e r a t i o n a l / f a i l  

s a f e / f a i l  r e s t o r a b l e  requirements.  Other modules can s e r v e  as func t iona l  

backup u n i t s  and a tank f a i l u r e  i s  not  a c r e d i b l e  f a i l u r e .  The except ion  t o  

t h i s  i s  a meteoroid p e n e t r a t i o n  which would f a i l  a s i n g l e  tank. Check va lves  

could be i n s t a l l e d  t o  guard a g a i n s t  t he  loss of more p rope l l an t  than t h a t  

s t o r e d  i n  t h e  s t r i c k e n  tank. The number of s u p e r c r i t i c a l  tanks w a s  chosen a s  

t h r e e  each f o r  hydrogen and oxygen so t ha t  t h ree  resupply modules could h e  

used t o  c a p t u r e  the  v a r i a t i o n  i n  resupply quan t i ty  a s  t h e  atmosphere v a r i e s .  

These choices  w i l l  a l s o  r ece ive  f u r t h e r  a t t e n t i o n  during the execut ion  of  

Task 111. 

. The t echn ica l  e f f o r t  on Tasks I & 11 w a s  completed p r i o r  t o  the  midterm 

review a t  NASA LeRC and MSFC, June 5th &6th ,  1985. The recommended s y s t e m  

t h a t  was t o  be c a r r i e d  i n t o  Tasks 111 & I V  (shown i n  F ig .  111-1) cons i s t ed  of 

a low power p r o p e l l a n t  condi t ion ing  system, minimally i n s u l a t e d  s u p e r c r i t i c a l  

s t o r a g e  tanks ,  and moderate p re s su re  accumulators s i z e d  f o r  a "nominal" worst  

c a s e  90 day per iod.  This  svstem w a s  s e l e c t e d  a s  the b e s t  compromise between 

sys t em complexity and f l e x i b i l i t y .  The c o s t  and weight d i f f e r e n c e s  between 

systems were not  s u f f i c i e n t  enough t o  t o t a l l y  e l imina te  systems based on those  

two c r i t e r i a .  Therefore ,  c o s t  and weight proved unusable  a s  d i s c r i m i n a t o r s  

between compet i t ive  systems. An a d d i t i o n a l  cons ide ra t ion  i n  the  s e l e c t i o n  of 

t h e  recommended s y s t e m  w a s  t h e  d e s i r e  to  r e t a i n  a r e p r e s e n t a t i v e  example of 

a l l  t he  components which may be used i n  a f l i g h t  design.  This  would al low t h e  

s imula t ion  program of Task IV t o  r e t a i n  i t s  use fu lness  a s  t h e  propuls ion  

s y s t e m  des ign  matures.  
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B. OMV Final Evaluation & System Design 

Six candidate systems were defined for the Orbital Maneuvering Vehicle. 

These included: 

svstem for proximity operations, a dual mode bipropellant system 
(N 0 /N H with hydrazine RCS thrusters for proximity operations, a 

hydrazine system containing sufficient propellant for proximity operations, a 

gaseous 0 H system with all the required propellant in accumulators, 9 

GO /GH system with 10% accumulators filled by an on-board electrolysis 

spstem, and a supercritical 0 /H svstem with the propellant conditionine 
system on-board. It was assumed that the oxygen/hydropen would Droduce no 
contamination and could be used for proximity operations. All candidates were 

initially sized using a total impulse of 1.9 X 10 lbf-sec for the first 

iteration of propulsion system sizing. 

to provide a fail operational/fail safe system. Each candidate was equipped 

with four 100 lbf orbit adjust thrusters and sixteen 5 lhf reaction control 

system thrusters. A rough structure weight was developed using weights from 

previous programs and proportioning it to the number and size of the tanks. 
The same controller was used for all systems. Schematics and weight 

a bipropellant system (N204/MMH) with a cold gas nitrogen 

2 4  2 4  

2 4  

2 2  

2 2  

6 

The valvine for all options was Dlaced 

statements for all the options have been included in this report. Table IIL-3 

provides a symbol key for the schematics. Each weight statement is for a dry 

propulsion unit. An additional 1436 lbm. (electrical power system, video, 

etc.) plus the weight of the propellant and pressurant must be added to this 

weight to obtain a "full up" OW. 

The description of each svstem follows: 

Bipropellant (N2O4/MMH) - N2 Cold Gas For Proximity Operations 

Ref: Figure 111-2 (Schematic), Table 111-4 (Weight Statement) 

This system uses the tanks described in the O W  Preliminarg Definition 

Study. The tanks were sized for 6700 lbm of propellant and include a 

propellant management system. There are four equal volume oblate spheroid 
tanks: 23 in semi-major axis with 1.414 semi-maior to semi-minor axis ratio 

and a 3 . 6  in cylindrical section. A 5 %  ullage fraction and a 2% residual is 

47 



Table 111-3 - Schematic Symbol Key 

CHECK VALVE 

++ LATCHING VALVE 

#- PRESSURE REGULATOR 

3 PRESSURE RELIEF VALVE 

LL QUICK DISCONNECT T 

e FILTER 

e PRESSURE TRANSDUCER 

i& EDUCTOR 
U 

PEBBLE BED HEATER 

PROPELLANT OR 
PRESSURANT TANK 

a PUMP . 

. *t$ I RADIATOR 

a THRUSTER 

+E+ D R Y E R 
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O M V  N204/MMH SYSTEM 

Figure 111-2 
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ZIEM 

Table 111-4 - O W  N204IMMH System 
Weight Statement 

MMH Tank 2 142.5 285 - 0 
’ N204 Tank 2 142.5 LbS. 0 

GN2 Tank (Cold Gas RCS) 1 120.0 120-0 

- 7  

GN2 Tank (Pressurant) - 2  160.0 320 0 

Latching Valve 
Pressure Relief Valve 
Pressure Transducer 
Quick Disconnects (Halves) 
Propellant Filter 
Temperature Sensors 

8 
4 

11 
24 
4 
28 

Propellant Distribution System 
Lines(1ength in feet) 52 - Joints 

Thermal Conditioning System 
Heat Trace(1ength in feet) 52 
Thermos ta ts/ W i r in g 16 
Insulation(1ength in feet) 52 

Secondary Structure 
Controller 

1 
1 

Thrusters 
Orbit Adjust (100 lbf) 4 

Cold Gas RCS ( 5  lbf) 24 
RCS (5 lbf) 16 

Pressurization System 
Quick Disconnects (Halves) 8 
Lines(1ength in feet) 16 
Latching Valves 20 
Pressure Regulators 4 
Pressurant Filter 4 

Cold Gas RCS System 
Quick Disconnects (Halves) 6 
Lines(1ength in feet) 12 
Latching Valves 6 
Regulators 2 
Filters 2 

3-0 24-0 
5-0 20.0 
0.5 5.5 
3-0 72.0 
1.0 4 - 0  
0.5 14-0 

0.25 - 
13.0 - 

0-08 4.16 
.O - 22 3.52 
0.04 2-08 

700 - 0 700 - 0 
435 - 0 435 0 

-- 9-3 3 3 . 2  
1.5 24.0 
1.5 36-0 

3.0 24.0 
0.25 4-0 
3.0 60-0 
5.0 20-0 
0.5 2-0 

3.0 18.0 
0.25 3.0 
3.0 18-0 
5-0 10.0 
0-5 1 - 0  

Propulsion Unit Dry Weight 2560-5 
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included.  The t o t a l  mass of usable  p rope l l an t  is equal  t o  6566 lbm. The 

mixture  r a t i o  was assumed to be 1.65 t o  provide equal  p rope l l an t  volumes. The 

p r o p e l l a n t  tank ope ra t ing  p res su re  is 400 psia and i t  was s i z e d  us ing  a f a c t o r  

of  s a f e t y  of two. The n i t rogen  p r e s s u r i z a t i o n  sys tem inc ludes  two tanks  

ope ra t ing  a t  4000 p s i a  and 520'R. The system provides  p rope l l an t  t o  t h e  

t h r u s t e r s  a t  250 psia. An a d d i t i o n a l  n i t rogen  tank provides  the n i t rogen  f o r  

t h e  co ld  gas sys tem.  This tank a l s o  ope ra t e s  a t  4000 p s i a  and 520'R. T h i s  

op t ion  inc ludes  24 - 5 l b f  cold gas t h r u s t e r s  f o r  proximity ope ra t ions .  

Dual Mode B ip rope l l an t  (N 0 /N H ) - Hydrazine Proximity Operat ions 

Ref: F igure  111-3, Table 111-5. 
2 4  2 4  

This  OMV op t ion  uses  t h e  same tanks a s  t he  b i p r o p e l l a n t  svstem f o r  

commonality and s i n c e  the  requi red  p rope l l an t  is  approximately the same. A 

mixture r a t i o  of 1.43 was used t o  produce equal tank volumes with m i n i m a l  

performance degrada t ion  from the  maximum I sp  mixture  r a t i o  of about 1.0. 

Addi t iona l  hydrazine (60 lbm) i s  requi red  f o r  proximity ope ra t ions .  There is 

s u f f i c i e n t  volume i n  the  r e fe rence  tanks t o  provide f o r  t h i s  requirement .  The 

24-5 l b f  hydrazine t h r u s t e r s  provide t h e  RCS f o r  proximity ope ra t ions .  

E l imina t ion  of the  cold gas s y s t e m  reduces the system d r v  weight by 155.5 

lbm. The s i z e  of t he  n i t ropen  p r e s s u r i z a t i o n  system has been s l i g h t l v  

increased  t o  provide f o r  t he  a d d i t i o n a l  hydrazine requirement .  

Hydrazine 

Ref: F igu re  111-4, Table  111-6 

The hydrazine sys t em i s  verv  s i m i l a r  t o  t h e  dual  mode system with the  

except ion  of i nco rpora t ing  a common p r e s s u r i z a t i o n  system r a t h e r  than a system 

f o r  each p rope l l an t .  The tanks have been r e s i z e d  f o r  t h e  mass of hydrazine 

r equ i r ed  f o r  t he  mission. Sphe r i ca l  tanks were s i z e d  using a f a c t o r  of s a f e t y  

of two and a d d i t i o n a l  mass was included f o r  t h e  p r o p e l l a n t  management sys tem.  

The 5% u l l a g e  and 2% r e s i d u a l  f i g u r e s  were used t o  determine the  t o t a l  volume 

of  t he  tank. The 16 - 5 l b f  RCS t h r u s t e r s  were assumed t o  perform a l l  

proximity ope ra t ions .  
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OMV N204/N2H4 SYSTEM 

Figure 111-3 52 



IIEM 
N2H4 Tank 
N204 Tank 
GN2 Tank 

Table 111-5 - O W  N204lN2H4 System 
Weight Statement 

Latch ing Valve 8 
Pressure R e l i e f  Valve 4 
Pressure Transducer 10 
Quick Disconnects (Halves) 24 
Propel lant  F i l t e r  4 
Temperature Sensors 24 

2 142.5 
2 142-5 
2 180.0 

3.0 
5.0 
(3-5 
3-0 
1.0 
0-5 

Prope l lan t  D i s t r i b u t i o n  System- 
0.25 Lines(1ength i n  f e e t )  52 - - J o i n t s  

Thermal Condi t ion ing System 
Heat Trace(1ength i n  fee t )  52 
Thermosta ts/Wiring le;  
Insu la t ion(1ength  i n  f e e t )  52 

Secondary S t ruc tu re  
Contr.ol ler 

1 
1 

0.08 
0.22 
0.04 

675 - 0 
435 - 0 

Thrusters 
O r b i t  Adjust (100 l b f )  4 8 - 3  
RCS (5 l b f )  It; 1.5 
H y d r a z i n e  RCS (5 l b f )  24 1.5 

Pressur iza t ion  System 
Quick Disconnects (Halves) 8 3.0 
Lines(1ength i n  fee t )  16 0.25 
Latch ing Valves 20 3.0 
Pressure Regulators - 4 5.0 
Pressurant F i l t e r  4 0.5 

Propuls ion U n i t  D r y  Weight 

----_--- TOTAL WT 

285 e 0 
LO5 - 0 
360 - 0 

r )  h 

24.0 
20.0 
5.0 

72.0 
4 . 0  
12-0 

13-0 - 

4-16 
3.52 
2-08 

67s - 0 
435 - 0 

33.2 
2 4 - 0  
36.0 

24.0 
4.0 

60-0 
20.0 
2-0 

2403 - 0 
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OMV N2H4 SYSTEM 

Figure 111-4 54 



Table 111-6 - O W  Hydrazine System 
Weight Statement 

---- ITEM 011 WLLrLEM 

N2H4 Tank 
GN2 Tank 

4 185.0 
2 275 - 0 

740 - 0 
550 - 0 

Latching Valve 8 
Pressure R e l i e f  Valve 4 
Pressure Transducer 7 
Quick Disconnects (Halves) 24 
Propel lant  F i l t e r  4 

- Temperature Sensors 24 

3-0 
5 - 0  
0.5 
3.0 
1 - 0  
0-5 

24.0 
20.0 
3-5 

72.0 
4 - 0  
12.0 

Propel lant  D i s t r i b u t i o n  System 
Lines(1ength i n  fee t )  - 48  
J o i n t s  - 0.25 - 12.0 - 

Thermal Condi t ion ing System 
Heat Trace(1ength i n  f e e t )  45 0.08 

0-22 
0-04  

5 - 8 4  
3.52 
1 - *?2 

Thermostats/Wiking 16 
Insulat ion(1ength i n  f e e t )  48 

Secondary S t ruc ture  1 675 0 
435 - 0 

675 0 
435 0 Cont ro l l e r  1 

Th r u& t e r s  
O r b i t  A d j u s t  (100 l b f )  4 
RCS (5 l b f )  16 

8.3 
1,s 

33.2 
24.0 

Pressur i zi t i o n  sys tern 
Quick Disconnects (Halves) & 

Lioes(1ength i n  f e e t )  10 
Latch ing Valves 1 4  
Pressure Regulators 2 
Pressuran t F i l t e r  L 

CI 

18-0 
2 - 5  

42-0 
10.0 
1.0 

3.0 
0-25 
3-0 
5 - 0  
0.5 

Propuls ion U n i t  D r y  Weight 2687 - 5 



G02/GH2 - 100% Accumulators 

Ref: F igu re  111-5, Table 111-7 

This  system was s i z e d  such t h a t  t h e  amount of oxygen/hydrogen provided by 

the  accumulators i s  s u f f i c i e n t  f o r  a l l  a spec t s  of t he  OMV mission.  The tanks  

w e r e  s i zed  us ing  a 6 : l  mixture  r a t i o  i n  o rde r  t o  achieve  maximum v e h i c l e  

performance by ba lanc ing  high engine performance a t  lower mixture  r a t i o s  

a g a i n s t  l i g h t e r  weight tankage and s t r u c t u r e  a t  h ighe r  mixture  r a t i o s .  The 

p r o p e l l a n t  i s  s t o r e d  a t  2000 ps ia  and 450'R. Composite overwrapped inconel  

tanks were s i z e d  f o r  t h i s  op t ion .  This  was done by s i z i n g  an inconel  tank and 

then reducing the  weight by 20% to account f o r  the overwrap. The 20% number 

was obtained from s e v e r a l  tanks s i z e d  by tank manufacturers .  The l a r g e  tanks 

( 2  - GH2:9.8 f t .  d iameter ,  2 - GO :6.5 f t .  d iameter)  present  a packaging 

problem but  a d d i t i o n a l  tanks would d r i v e  the  weight of t he  system even h i zhe r .  
2 

G02/GH2 - E l e c t r o l y s i s  - 10% Accumulators 

Ref: F igure  111-6, Table  111-8 

I n  t h i s  op t ion ,  t h e  t h r u s t  f o r  t h e  OMV i s  provided by 0 2 / H 2  which i s  

s t o r e d  i n  accumulators conta in ing  10% of the  t o t a l  impulse requi red  f o r  t h e  

h i g h e s t  energy O W  mission.  Af t e r  t h e  accumulators a r e  emptied t h e  s p a c e c r a f t  

c o a s t s  u n t i l  t he  accumulators a r e  recharged by the on-board e l e c t r o l y s i s  

u n i t .  The overwrapped inconel  accumulators were s i zed  us ing  a s a f e t y  f a c t o r  

of 1.5. The sma l l e r  accumulators a r e  l i g h t e r  than those used by 100% 

accumulator opt ion.  However, t h e  weight of t he  e l e c t r o l y s i s  u n i t  and t h e  

s o l a r  pane ls  r equ i r ed  t o  power i t  more than make up f o r  the  weight s av inps -  

Table  111-9 shows t h e  amount of  added s o l a r  panel weight r equ i r ed  f o r  va r ious  

duty cyc le s  f o r  t he  e l e c t r o l y s i s  u n i t .  The system was s i z e d  f o r  an 8 : 1  

mixture  r a t i o  t o  make complete use of t he  generated p r o p e l l a n t .  The 

e l e c t r o l y s i s  u n i t  p rovides  G02/GH2 t o  the  accumulator a t  2000 p s i a  and 

450'R. A r a d i a t o r  w a s  s i z e d  t o  e l i m i n a t e  hea t  i n  t h e  p r o p e l l a n t  generated hv 

t he  e l e c t r o l v s i s  u n i t .  Vapor c e l l s  and dryers  a r e  used to  remove anv 

remaining water vapor from t h e  p rope l l an t .  A minimum page t i t an ium tank was 

s i z e d  f o r  ca r ry ing  the  water.  
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OMV GH2/G02 SYSTEM 

Figure 111-5 57 



Table 111-7 - O W  G02lGH2 System 
Weight Statement 

GH2 Tank 
602 Tank 

2 5700 - 0 11400.0 
2 1850,5 3700 0 

Latching Valve 16 
Pressure Relief Valve 4 
Pressure Transducer 8 
Quick Disconnec t s  (Halves) 20 
Propellant F i l t e r  4 . Temperature Sensors 32 
Pressure Regulator 4 

Propellant Dis tr ibut ion System 
Lines(1ength i n  f e e t )  100 
J o i n t s  - 

Secondary Structure 1 
Control ler  

Thrusters 

1 

Orbit Adjust (100 l b f )  4 
RCS (5 l b f )  16 

3.0 4 8 . 0  
5 - 0  20.0 
0-5 4 . 0  
3.0 60.0 
0.5 2.0 
0.5 16.0 
5.0 20.0 

0.25 - 25.0 - 

700 - 0 700 0 
435.0 435.0 

8.3 
1.5 

33-2 
24-0 

Propulsion U n i t  Dry Weight 16487.2 
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OMV ELECTROLYSIS SYSTEM 
10% ACCUMULATORS 

Figure 111-6 59 



---- ITEM 

GH2 Tank 
GO2 Tank 
H20 Tank . 

Table 111-8 - O W  Electrolysis System - IO% Accumulators 
Weight Statement 

QIY HILI IEM 

2 587.6 
1 463.1 
1 62-0 

Latching Valve 44 3.0 
Pressure Relief Valve 2 5-0 
Pressure Transducer 16 0.5 
Quick Disconnects (Halves) 2's 3-0 
Propellant Filter 6 0.5 
Temperature Sensors 32 0 - 5  
Pressure Regulator 8 5-0 
Check Valves - 5  1-0 

Electrolysis Unit 
Radiator 
Pump 

2 
2 
2 

Desicators 4 

Propellant Distribution System 
Lines(1ength in feet) 100 
Joints - 

Secondary Structure 
' Controller 

1 
1 

182.0 
43.0 
10.0 
24.0 

0-25 - 
750.0 
435 - 0 

Thrusters 
Orbit Adjust (100 l b f )  4 s.3 
RCS (5 l b f )  16 1.5 

1175.2 
463.1 
62.0 

1-q 
dUi.0 

10.0 
8.0 

84.0 
3-0 
16-0 
40-0 

5.0 

364.0 
86.0 
20.0 
'?e* - 0 

25.0 - 

750 0 
435 0 

Thermal Conditioning System 
Heaters 4 5.0 20-0 

-------- 
Propulsion Unit Dry Weight 3851 - 5 
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Table III-9 - Required Solar Panel Mass For Various 
Electrolyzer Duty Cycles 

OMV Electrolysis System - 10% Accumulators 

0.5 kw 2814.4 hr/117.3 days .68,4 l b m  
5 kw 281-4 hr/11.7 days 604-5 l b m  

25 kw 56-3 hr/2.3 days 3472.4 l b m  
SO kw 28.1 hr/1.2 days 6944.7 l b m  

100 kw 14.1 hr 13889.4 l b m  
200 kw 7.0 h r  27778.8 l b m  
500 kw 2-8 hr 69447-0 l b m  
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G02/GH2 - S u p e r c r i t i c a l  

Ref: F igure  111-7, Table  111-10 

The Aero je t  s u p e r c r i t i c a l  thermal cond i t ion ing  concept was app l i ed  t o  the  

OMV f o r  t h i s  candida te .  This  op t ion  c i r c u l a t e s  p rope l l an t  through a pebble 

bed r e c i r c u l a t i o n  h e a t e r  f o r  i n i t i a l  cond i t ion ing  and then passes  i t  through a 

pebble bed cond i t ion ing  h e a t e r  f o r  de l ive ry  to  the  t h r u s t e r s .  The pebble heds 

were s i z e d ,  assuming the  amount of ma te r i a l  va r i ed  l i n e a r l y  with the  amount of 

p r o p e l l a n t  condi t ioned.  A rough estimate was made f o r  the  mass of t h e  

c o n t a i n e r  r equ i r ed  t o  hold t h e  bed m a t e r i a l .  The p r o p e l l a n t  tanks were s i zed  

using t h e  PRSA tanks as  a guide.  The inner  tank cons i s t ed  of inconel  718 and 

t h e  ou te r  s h e l l  cons i s t ed  of aluminum 2219.  

p r i o r  t o  the  OMV mission. The length  of the  mission would be l imi t ed  b y  the 

amount of t i m e  t he  pebble beds could hold t h e i r  charge.  

The pebble beds a r e  to  he charEed 

Six  propuls ion  systems were a l s o  s tud ied  f o r  t he  p la t forms .  These 

included:  a b i p r o p e l l a n t  system ( N  0 /MMH) with a cold gas n i t rogen  2 4  
sys t em f o r  on o r b i t  ACS and r o l l  c o n t r o l  during o r h i t  a d j u s t ,  a dual  mode 

b i p r o p e l l a n t  sys tem (N 0 / N  H 1 with hydrazine RCS t h r u s t e r s  f o r  e 2 4  2 4  
proximity work, a hydrazine system, a cold gas 0 2 / H 2  system with 100% 

accumulators ,  a G02/GH2 sys t em i n  which the  platform would be de l ive red  hv  

t h e  OW and r e tu rned  us ing  an e l e c t r o l y s i s  u n i t  and 10% accumulators ,  and a 

GO /GH system us ing  an e l e c t r o l y s i s  u n i t  and 10% accumulators f o r  the  

e n t i r e  mission.  The t o t a l  impulse r equ i r ed  f o r  t h e  p la t forms  w a s  assumed t o  

h e  1.5 x lo6 l b f  - sec .  The va lv ing  f o r  a l l  op t ions  w a s  p laced t o  provide a 

2 2  

f a i l  o p e r a t i o n a l / f a i l  s a f e  sys tem.  Each .candidate  is  equipped with f o u r  - 100 

1hf  t h r u s t e r s  (OA) and s i x t e e n  - 5 l b f  t h r u s t e r s  (RCS). The s t r u c t u r e  weight 

w a s  aga in  c a l c u l a t e d  from information from previous programs. The platform 

r e q u i r e s  a smaller c o n t r o l l e r  s i n c e  i t  does not  perform as many func t ions  a s  

a n  OMV c o n t r o l l e r .  

The performance of each candida te  p l a t fo rm propuls ion s y s t e m  w a s  analyzed 

with the  a i d  of a microcomputer spreadshee t  program. The spreadshee t  model 

w a s  developed t o  i t e r a t i v e l y  s i z e  t h e  propuls ion  s t a g e s  t o  meet s v e c i f i c  d e l t a  

v e l o c i t y  requirements  while keeping one of  s e v e r a l  system masses cons t an t .  

These system masses included t h e  following: e 



OMV - SUPERCRITICAL SYSTEM 

Figure 111-7 63 



_--_ ITEM 

Table 111- I O  - OMV Supercritical System 
Weight Statement 

011 wILIIm 
Supercr i  t i c a l  H2 Tank 
S u p e r c r i t i c a l  02 Tank 

2 1185.0 
2 470.0 

Latch ing Valve 56 3-0 
Pressure Transducer 1 6 0.5 
Quick Disconnects (Halves) 40 3-0 
Prope l lan t  F i l t e r  4 0.5 

- Pressure Regulator 4 5-0 
Temperature Sensors 40 0.5 

Prope l lan t  D i s t r i b u t i o n  System 
Lines(1ength i n  feet )  100 
J o i n t s  - 

Secondary S t ruc tu re  
Con t ro l l e r  

Thrusters 
O r b i t  Adjust (100 l b f )  
RCS ( 5  l b f )  

0.25 - 

1 800 - 0 
1 435 - 0 

4 
14 

Thermal Cond i t ion ing  System 
Pebble Bed Recir  Heater 02 1 
Pebble Bed Recir  Heater H2 1 
Pebble Bed Cond Heater (32 1 
Pebble Bed Cond Heater H2 1 
Insulat ion(1engtt-1 i n  f e e t )  50 

8-3 
1-5 

1120.0 
340 0 
1200.0 
1300.0 

0.1 

Propuls ion U n i t  Dry Weight 

168.0 
3 - 0 

120-0 
L.0 

20.0 
20.0 

c) 

25.0 - 

800 0 
435 - 0 

33.2 
24-0 

1120-0 
340 - 0 

1200.0 
1300-0 

5.0 
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1. 

2 .  

3 .  

4 .  

5 .  

I t  

To ta l  i n i t i a l  s y s t e m  mass inc luding  payload, propuls ion  svstem, and 

p r o p e l l a n t ,  

Payload mass, 

Resupply f l u i d  mass , 
Tota l  resupply mass, and 

Propuls ion  s y s  tem dry mass. 

was assumed t h a t  t he  dry mass of each propuls ion  s t a g e  cons i s t ed  of a 

f ixed  mass and a v a r i a b l e  mass. Thrus t e r s ,  av ion ic s ,  f l u i d  d i s t r i b u t i o n ,  and 

s t r u c t u r e  comprised t h e  f ixed  mass whereas p r o p e l l a n t ,  p r e s s u r i z a t i o n ,  and ACS 

tanks made up the  v a r i a b l e  mass. Since a wide v a r i e t y  of propuls ion svstems 

were being cons idered ,  no s i n g l e  a lgor i thm could be used t o  perform a l l  of  t h e  

parametr ic  ana lyses ,  so  each sys t em was t r e a t e d  i n d i v i d u a l l y .  The s p e c i f i c  

assumptions regard ing  each propuls ion  system and i t s  resupply opt ions  a r e  

l i s t e d  below. 

1. Biprope l l an t  with cold GN ACS 2 

The s p e c i f i c  impulses of the  N 0 /MMH and co ld  G N 2  were 310 and 2 4  
70 lbf-sec/lbm, r e spec t ive ly .  

a l a r g e  amount o f  ACS prope l l an t  which would, i n  t u r n ,  r e q u i r e  l a r g e  

ACS tankage. This  seemed t o  be an unreasonable  pena l tv  f o r  t h i s  

concept ,  so i t  was assumed t h a t  t h e  G N  sys t em would he s i zed  f o r  

20% of t h e  t o t a l  A C S  requirement with a b i p r o p e l l a n t  system 

account ing f o r  t he  remaining 80%. Resupply of t h i s  svstem was 

accomplished by changeout of the  p r e s s u r i z a t i o n  and G N 2  ACS t anks ,  

whereas the  b i p r o p e l l a n t  tanks were r e f i l l e d  t o  minimize the  resupplv 

dry mass. 

The low I s p  of t he  GN2 would r e q u i r e  

2 

2. Monopropellant 

The s p e c i f i c  impulse of t h i s  s y s t e m  was 230 lbf-sec/lbm. P r o p e l l a n t  

and p res su ran t  resupply were the  same as descr ibed  f o r  t h e  

b i p r o p e l l a n t  s y s t e m ,  except  t h a t  t h e r e  is no s e p a r a t e  ACS resupply  

f o r  t he  monopropellant system. 
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3. 

4. 

5. 

6 .  

Dual mode N 2 0 4 / N 2 H 4  

The s p e c i f i c  impulses f o r  t he  N 2 0 4 / N 2 / H 4  and t h e  N2H4 

systems were 312 and 230 lbf-sec/lbm r e s p e c t i v e l y .  P r o p e l l a n t  and 

p res su ran t  resupply were the  same a s  descr ibed  f o r  the b i p r o p e l l a n t  

and monopropellant systems. 

Cold G02/GH2 

The s p e c i f i c  impulse f o r  t h i s  sy tern 412 lhf-sec/ lbm, which w 

obtained hv using a 6 : l  mixture  r a t i o .  This  svstem w a s  resuppl ied  

from PRSA type  t anks ,  so t h e  resupply d r y  mass f o r  t h i s  system was 

l a r g e r  than f o r  the  o t h e r  sys t ems .  

E l e c t r o l y s i s  G 0 2 / G H 2  

The s p e c i f i c  impulse f o r  t h i s  system was 385 lbf-sec/ lhm, which was 

a consequence of t h e  8 : l  mixture r e s u l t i n g  from e l e c t r o l v s i s .  Th i s  

s y s t e m  was resuppl ied  w i t h  water de l ive red  from minimum gage 

resupplv tanks.  

OMV Delivery of E l e c t r o l y s i s  System 

This  svstem requ i r e s  tha t  the  e l e c t r o l y s i s  s y s  t e m  provide 

p r o p e l l a n t  f o r  h a l f  of t he  t o t a l  d e l t a  v e l o c i t y ,  with the  OMV 

providing the  o t h e r  h a l f .  Consequentlv, the dry mass of t h e  

e l e c t r o l y s i s  sys t em was reduced while  t h e  combined drv  mass of the  

OMV/elecrolysis system was increased .  The O W  w a s  r e supp l i ed  

s i m i l a r l y  t o  t h e  b i p r o p e l l a n t  sys tem.  

To determine the  resupply requirements  f o r  each system the  payload mass 

was he ld  cons t an t  a t  20000 lbm. P r o p e l l a n t  resupply q u a n t i t i e s  requi red  f o r  

each svstem f o r  t he  d i f f e r e n t  d e l t a  v e l o c i t i e s  are shown i n  F igure  111-8. 

Another graph was prepared showinR the  complete resuDply p i c t u r e  (F igu re  

111-9). The mass shown i n  t h i s  f i g u r e  inc ludes  the  p rope l l an t  mass, the  tanks  

used f o r  t r a n s p o r t i n g  t h e  p r o p e l l a n t ,  and t h e  a s soc ia t ed  hardware used t o  f i l l  

e 
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t h e  on-board p la t form tanks.  The resupply module f o r  a l l  the f l u i d  

p r o p e l l a n t s  (hydraz ine ,  b i p r o p e l l a n t ,  water ,  e t c . )  cons i s t ed  of minimum gage 

tanks with a pumping sys t em f o r  f i l l i n g  the  on-board tanks and providing t h e  

Proper  p re s su re .  The co ld  gas system w a s  resuppl ied  u s i n e  s u p e r c r i t i c a l  

oxygen and hydrogen hrought up i n  PRSA type  tanks.  Making these  assumptions 

r e s u l t e d  i n  resupply modules which were l i g h t e r  than changing out  an e n t i r e  

propuls ion  module. 

Schematics and weight s ta tements  have been included f o r  a l l  op t ions .  

A d e s c r i p t i o n  of each s y s t e m  fol lows.  

B ip rope l l an t  (N 0 /MMH) - Cold Gas ACS 
2 4  

Ref: F igu re  111-10, Table  111-11 

This  s y s t e m  uses  t h e  same hardware incorpora ted  i n  t h e  O W  b i p r o p e l l a n t  

op t ion  f o r  commonality. The only d i f f e r e n c e  i n  the svstems would h e  tha t  t he  

Platform would c a r r y  less p rope l l an t  due t o  i t s  lower requi red  t o t a l  impulse. 

Dual Mode Bip rope l l an t  (N204/MMH) - Hydrazine ACS 

Ref: F igure  111-11, Table  111-12 

Again f o r  commonality purposes ,  t h i s  system uses  t h e  same hardware used 

by the  OMV dual  mode op t ion  d iscussed  e a r l i e r .  Once aga in  the  p la t form would 

c a r r y  less p r o p e l l a n t  than t h e  comparable OMV opt ion .  

Hydrazine 

Ref: F igu re  111-12, Table  111-13 

The hydrazine sys t em was s i z e d  exac t ly  t h e  same as t h e  OMV hydraz ine  

opt ion .  It a l s o  would c a r r y  less p rope l l an t  than the  hydrazine OMV propuls ion  

sys t em concept.  
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PLATFORM N204/MMH SYSTEM 
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Table III-I1 - Plaform N204IMMH System 
Weight Statement 

ZLEM 

MMH Tank 2 
N204 Tank 2 
GN2 Tank (Pressurant) 2 
GN2 Tank (Cold Gas RCS) 1 

Latching Valve 8 
Pressure Relief Valve 4 
Pressure Transducer 11 
Quick Disconnects (Halves) 24 
Propellant Filter 4 
Temperature Sensors 2s 

Propellant Distribution System 
Lines(1ength in feet) 52 
Joints - 

142.5 
142-5 
160.0 
120.0 

3.0 
5.0 
0.5 
5.0 
1.0 
0.5 

0.25 - 

Thermal Conditioning System 
Heat Trace(1ength in .feet) 52 0 - 0 8  
Thermostats/Wiring 16 0.22 
Insulation(1ength in feet) 52 0-04 

Secondary Structure 
Cont,'oller 

1 
1 

Thrusters 
Orbi t Adjust (100 l b f  1 4 
RCS ( 5  l b f )  1 6 
Cold Gas RCS ( 5  l b f )  24 

700 0 
300 - 0 

Pressurization System 
Quick Disconnects (Halves) 8 3.0 

Latching Valves ' 20 3.0 
Pressure Regulators 4 5.0 
Pressuran t Filter 4 0.5 

Lines(1ength in feet) 16 0.25 

Cold Gas RCS System 
Quick Disconnects (Halves) 6 
Lines(1ength in feet) 12 
Latching Valves 6 
Regulators 2 
Filters 2 

3.0 
0-25 
3.0 
5.0 
0,s 

Propulsion Unit Dry Weight 

IoIel-_wI 
285 0 
285 - 0 
320.0 
120.0 

24 .0  
20 - 0 

5.5 
72.0 

4 . 0  
14.0 

13.0 - 

4-16 
3.52 
2-08 

700.0 
300 0 

24.0 
4 - 0  
60.0 
20.0 
2-0 

18.0 
3-0 
18.0 
10.0 
1.0 

-------- 
2425.5 
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Table 111-12 - Pla#orm N2041N2H4 System 
Weight Statement 

N2H4 Tank 
N204 Tank 
GN2 Tank 

2 
2 
2 

Latching Valve 9 
Pressure Relief Valve 4 
Pressure Transducer 10 
Quick Disconnects (Halves) 24 
Propellant Filter 4 

. Temperature Sensors 24 

Propellant Distribution System 
Lines(1ength in feet) 52 
Join ts - 

Thermal Conditioning System 
Heat Trace(1ength in feet) 52 
Thermostats/Wiring 16 
Insulatioo(1ength in feet) 52 

Secondary Structure 
Controller 

1 
1 

Thrusters 
Orbit Adjust (100 lbf) 4 
RCS ( 5  l b f )  le;  
H y d r a z i n e  RCS (5 l b f )  24 

Pressurization System 
Quick Disconnects (Halves) 8 
Lines(1ength in feet) 16 
Latching Valves 20 
Pressure Regulators 4 
Pressurant Filter 4 

142.5 
142-5 
180-0 

3-0 
5 - 0  
0.5 
3-0 
1 - 0  
0 - 5  

0-25 - 

0.0s 
0-22 
0.04 

675 - 0 
so0 - 0 

8.3 
1-5 
1 - 5  

3.0 
0.2s 
3-0 
5-0 
0.5 

285 0 
255 - 0 
360 0 

24.0 
20.0 
5.0 

72.0 
4.0 

1 2 - 0  

13.0 
- 

4-16 
3-52! 
2-03 

675.0 
300 - 0 

33.2 
24.0 
36 0 

24.0 
4.0 

60.0 
20.0 

2 - 0  

Propulsion Unit Dry Weight 226S.O 
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PLATFORM N2H4 SYSTEM 
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---_ ITEM 

N2H4 Tank 
GN2 Tank 

Table 111-13 - Platform Hydrazine System 
Weight Statement 

4 
2 

H I L L E L ?  

185 * 0 
275 - 0 

Latching Valve 8 3.0 
Pressure Relief Valve 4 5.0 
Pressure Transducer 7 0.5 
Quick Disconnects (Halves) 24 3.0 
Propellant Filter 4 1.0 
Temperature Sensprs 24 0 - 5  

Propellant Distribution System 
Lines(1ength in feet) - 48 
Joints - 

Thermal Conditioning System 
Heat Trace(1ength in feet) 48 
Thermostats/Wiring 16 
Insulation(1ength in feet) 48 

0-25 - 

0.08 
0.22 
0.04 

1 675 - 0 Secondary Structure 
Con troller 1 300 0 

Thrusters 
Orbit Adjust (100 lbf) 4 8.3 
RCS (5  lbf) 16 1.5 

Pressurization S y s t e m  
Quick Disconnects (Halves) 6 3-0 
Lines(1ength in feet) 10 0.25 
Latching Valves 14 3.0 
Pressure Regulators 2 5.0 
Pressurant Filter 2 0.5 

Propulsion Unit Dry Weight 

TOTAL WT -------- 
740 I 0 
550.0 

24.0 
20.0 

3.5 
72.0 

4.0 
12-0  

12.0 - 

3.34 
3.52 
1 ?2 

675 - 0 
300.0 

18.0 
2 - 5  

42.0 
10.0 
1.0 

2552 5 
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Cold Gas O p / H 2  - 100% Delivery and Storage Tanks 

Ref: F igu re  111-13, Table  111-14 

This  s y s t e m  uses  co ld  gas launched and s t o r e d  a t  2000 p s i a  t o  c a r r y  

more gas i n  smaller accumulators than a sys tem a t  450"R. 

f o r  GO2 a t  300"R and GH2 a t  210"R. 

s i zed  f o r  composite overwrapped inconel .  The composite overwrapped tank was 

aga in  s i z e d  u s i n g  80% of t he  mass of a tank made completely of inconel .  

Heaters  a r e  added t o  t h e  tanks on t h i s  s y s t e m  t o  provide t h e  required thermal 

condi t ion ing  f o r  the  p rope l l an t .  The s y s t e m  was s i zed  us ing  a 6 : l  mix ture  

r a t i o  f o r  maximum performance of t he  0 /H t h r u s t e r s .  

The tanks were s i z e d  

The oxygen and hydrogen tanks  were 

2 2  

G 0 2 / G H 2  - OMV Del ivery - E l e c t r o l y s i s  Return - 10% Accumulators ( P o l a r  

Platform Only) 

Ref: F igure  111-14, Table  111-15 

In  t h i s  op t ion  t h e  p la t form would be de l ive red  t o  i t s  o r b i t  u s i n g  t he  

OMV. The s y s t e m  then r e t u r n s  to  base us ing  p rope l l an t  suppl ied  by an on-hoard 

e l e c t r o l y s i s  u n i t .  A t o t a l  impulse of 770,000 l h f  - sec  i s  requi red  t o  r e t u r n  

from o r b i t .  The p rope l l an t  f o r  t h i s  impulse is  s t o r e d  i n  10% accumulators ,  

r e t u r n i n g  the  p l a t fo rm i n  s t a g e s .  The oxygen and hydrogen accumulators were 

s i z e d  a s  a 'composi te  overwrapped inconel  tanks.  

was used fo r  water s to rage .  A l l  tanks were s i zed  with a 1.5 s a f e t y  f a c t o r .  

Table 111-16 indicates the amount of additional solar panel weight required 

f o r  va r ious  duty cyc le s  f o r  the  e l e c t r o l y s i s  u n i t .  This  mass can vary  

depending on the  r equ i r ed  duty cyc le .  

e s s e n t i a l l y  the  same as  t h e  OMV e l e c t r o l y s i s  sys tem with the  except ion of  t h e  

tanks  and s o l a r  panels .  The system w a s  aga in  s i zed  f o r  an 8 : l  mixture  r a t i o  

t o  make complete use of t h e  generated p rope l l an t .  The gas i s  s t o r e d  a t  2000 

D s i a  and 450"R. 

A minimum gape t i t an ium tank 

The hardware f o r  the system i s  
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H2/02 SYSTEM 
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---- ITEM 

G H 2  Tank 
GO2 Tank 

Table 111-14 - Platjform Cold Gas 02lH2 System 
Weight Statement 

3 
1 

HILIIEM 
1838.0 
1863-0 

Latching Valve 16 3.0 
Pressure Relief Valve 4 5.0 
Pressure Transducer E: 0.5 
Quick Disconnects (Halves) 20 3.0 
Propellant Filter 4 0 - 5  
Temperature Sensors 32 0 - 5  
Pressure Regulator 4 5.0 

Propellant Distribution System- 
Lines(1ength in feet) 100 
Joints - 

Secondary Structure 
Controller 

1 .  
1 

Thrusters 
Orbit Adjust (100 lbf) 4 
RCS ( 5  l b f )  16 

Thermal Conditioning System 
Heaters 1 
Insulation(1ength in feet) 450 

0 - 2 5  - 

675 Q 
300 - Q 

8.3 
1-5 

5.0 
0.1 

Propulsion Unit Dry Weight 

5514.0 
1843.0 

48 - 0 
2 0 - 0  

4.0 
6o:o 

2 - 0  
16.0 
2 0 - 0  

25.0 - 

675.0 
300.0 

33-2 
24.0 

5.0 
45.0 



PLATFORM - OMV DELIVERY 
ELECTROLYSIS RETURN - 10% ACCUMULATORS 

Figure 111-14 79 



Table 111-I5 - Plaform - O W  Delivery 
Electrolysis Return - 10% Accumulators 

Weight Statement 

---- ITEM 

GH2 Tank 
GO2 Tank 
H20 Tank 

Latch ing Valve 
Pressure R e l i e f  Valve 
Pressure Transducer 
Quick Disconnects (Halves) 
Prope l lan t  F i l t e r  
Temperature Sensors 
Pressure Regulator 
Check Valves 

E l e c t r o l y s i s  U n i t  
Radiator 

Desicators  
Pump 

PI1 WILIIEM 

2 235, - 0 
1 1?0 - 0 
1 40.0 

2 
2 

4 
3 L- 

Prope l lan t  D i s t r i b u t i o n  System 
Lines(1ength i n  f e e t )  200 
J o i n t s  - 

I 

3.0 
5.0 
0.5 
3.0 
0.5 
0.5 
5.0 
1.0 

182.0 
43.0 
10-0 
24.0 

0.2s - 
Secondary S t ruc tu re  
C o n t r o l l e r  

1 800.0 
1 300 - 0 

Thrusters 
O r b i t  Adjust (100 l b f )  4 
RCS ( 5  l b f )  16 

Thermal Condi t ion ing System 
Heaters 4 5.0 

Propuls ion U n i t  D r y  Weight 

47:3 0 
190.0 

40.0 

132.0 
10.0 
8 - 0 

84.0 
5.0 
16-0 
40.0 

5 . 0  

50.0 
- 

GOO. 0 
300 - 0 

23.2 
23.0 
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Table 111-16 - Required Solar Panel Mass for Various 
Electrolyzer Duty Cycles 

Plafonn - O W  Delivery - Electrolysis Return 
10% Accumulators 

0 - 5  kw 
5 kw 

25 kw 
50 kw 
100 kw 
200 kw 
500 kw 

1132.4 hr/47,2 d a y s  69.4 l b m  
113.2 hr/4.7 d a y s  694.5 l b m  

22-6 hr 3472.4 l b m  
11.3 hr 6944.7 l b m  
5.7 tir 13889.4 l b m  
2-8 hr 27778.8 l b m  
1 - 1  hr 69447-0 1 b m  
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G02/GH2 - E l e c t r o l y s i s  - 10% Accumulators 

Ref: F igu re  111-15, Table  111-17 

The f i n a l  p l a t fo rm opt ion uses  t h e  on-board e l e c t r o l y s i s  u n i t  t o  charge 

10% accumulators which provide p rope l l an t  f o r  the t o t a l  mission.  The s v s t e m  

i s  e s s e n t i a l l y  t h e  same as  t h e  OMV e l e c t r o l y s i s  op t ion  with t h e  except ion of 

the  tanks  and s o l a r  pane ls .  

overwrapped inconel .  A l l  tanks were s i zed  with a 1.5 f a c t o r  of s a f e t y .  

Table  111-18 i n d i c a t e s  the  s o l a r  panel weights f o r  va r ious  duty cyc les .  An 

8 : l  mixture  r a t i o  w a s  used and t h e  gas was s t o r e d  a t  2000 psia  and 450"R. 

The oxygen and hydrogen tanks a r e  composite 

D. OMV Propuls ion  Svstem Recommendations 

According t o  Table  11-4, t he  s u p e r c r i t i c a l  0 2 / H 2  p ropuls ion  system 

candida te  and the  s t o r a b l e  b i p r o p e l l a n t  candida tes  r e q u i r e  the  l e a s t  

p r o p e l l a n t  of t he  concepts  considered.  

a t t r a c t i v e  (even though i t  does r e q u i r e  more p r o p e l l a n t )  s i n c e  some water rnav 

he a v a i l a b l e  on-board Space S t a t i o n  f o r  e l e c t r o l y s i s  and suhsequent pumping 

up" of t he  gaseous accumulators f o r  each OMV mission.  

The gaseous 0 / H  concept  appears  2 2  

11 

This  would be a s imple 

r e s u p p l y  ope ra t ion  with none of t h e  s a f e t y  hazards  a s soc ia t ed  with tox ic  

l i q u i d s  such as  N2H4 o r  N 0 The gaseous 0 / H  concept a l s o  2 4' 2 2  
e l i m i n a t e s  the  ope ra t iona l  problems of dea l ing  with cryogenic f l u i d s .  

The power requirements  of t he  gaseous 0 2 / H 2  concept  f o r  resupplv a t  

Space S t a t i o n  may be  p r o h i b i t i v e l y  l a r g e .  

r equ i r ed  over a 10 yea r  per iod and an e l e c t r o l y s i s  s p e c i f i c  power va lue  of 

4 K w - h r / l b m ,  t he  average continuous power requirement is  12.4 Kw. Without 

DRM 10 ( l o g i s t i c s  module f e r r y i n g )  and DRM 6 t h i s  average Dower requirement i s  

3.8 Kw. I n  a d d i t i o n ,  t h e r e  is no s o l u t i o n  i n  s i z i n g  t h i s  concept f o r  DRN 6 

(payload viewing mission)  due t o  t h e  l a r g e  d e l t a  V requirement and the  high 

dry weight c h a r a c t e r i s t i c s  of t h i s  concept .  However, the remaining miss ions  

can be accommodated with 2600 lbm p r o p e l l a n t  capac i ty  and added accumulators 

f o r  DRM 10. The ECLSS/on-board propuls ion f l u i d  economy f o r  excess  water  

a v a i l a b i l i t y  would probably no t  n e a r l y  support  OMV miss ions  anyway. 

Therefore ,  t he  gaseous 0 /H concept was s i z e d  a t  a mixture  r a t i o  o f  6 : 1  

i n  o rde r  t o  minimize v e h i c l e  weight a l though t h i s  i m p l i e s  t h a t  excess H 2  

must be  suppl ied  v i a  STS launch,  ECLSS excess ,  e t c .  

For in s t ance ,  f o r  271,860 1hm 

2 2  
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PLATFORM ELECTROLYSIS SYSTEM - 10% ACCUMULATORS 

Figure III-15 83 



---- ITEM 

G H 2  Tank 
602 Tank 
H20 Tank 

Table III-17 - Plarfonn Electrolysis System - 10% Accumulators 
Weight Statement 

2 
1 
L 

-- WTLITEM ---- 

435.0 
344.0 
61.0 

44 3.0 
2 5.0 
16 0.5 
28 3.0 
6 0 - 5  
32 0 - 5  
- 8  5.0 
5 1-0 

Latching Valve 
Pressure Relief Valve 
Pressure Transducer 
Quick Disconnects (Halves) 

Temperature Sensors 
Pressure Regulator 
Check Valves 

* Propellant Filter 

Electrolysis Unit 
Radiator 
Pump 
Desica tors 

c) L 

2 
2 
4 

Propellant Distribution System 
Lines(1ength in feet) 200 
Joints - 

Secondary Structure 
Controller 

1 
1 

Thrusters 
Orbit Adjust (100 lbf) 4 
RCS ( 5  l b f )  16 

Thermal Conditioning System 
Heaters 4 

182.0 
43.0 
10.0 
24.0 

0-25 - 
800 0 
300.0 

E; 3 
1.5 

5.0 

' Propulsion Unit Dry Weight 

870 0 
344 - 0 
61-0 

132-0 
10.0 

:3 - 0 
84.0 
3.0 
16-0 
40.0 
5 - 0  

364.0 
86.0 
2 0 - 0  
96 0 

50-0  - 

800 - 0 
300.0 

33-2 
24.0 

3366 2 
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Table 111-18 - Required Solar Panel Mass for 
Various Electrolyzer Duty Cycles 

Pla form Electrolysis System - IO% Accumulators 

0 - 5  kw 
5 kw 

25 kw 
50 kw 

100 kw 
200 kw 
500 kw 

---------- DUTY CYCLE 

2205.9 hr/Yl,Y days 
220.6 hr /3 .2  days 

44.1 hr/l.s days 
22-1 hr  
11.0 hr  

5 . 5  hr  
2.2 hr 

. 69-4 lbm 

3472.4 lbm 
6944.7 lbm 

1 3 8 9 9 - 4  lbm 
27778.8 lbm 
69447.0 lbm 

694-5 lbm - 
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The l i k e l i h o o d  of a s i g n i f i c a n t  po r t ion  of  OMV p r o p e l l a n t  heing 

a v a i l a b l e  i n  the  form o f  "free"  water a t  Space S t a t i o n  i s  almost non-exis tan t ,  

however. The re fo re ,  s i n c e  t h e  mass f r a c t i o n  of  d e l i v e r i n g  t h e  gaseous 

i s  so poor, t h e  concept i s  not  compet i t ive  with the o t h e r  p r o p e l l a n t  

types  with h ighe r  mass f r a c t i o n  c a p a b i l i t i e s .  Del ivery of water would he  

compet i t ive  on a launch mass b a s i s ,  al though not  a winner comDared to  t h e  

s t o r a b l e  b i p r o p e l l a n t  candida te .  However, t h e  e l e c t r o l y s i s  power requirements  

would be a major impact and negat ive  cons ide ra t ion .  

"Free" p r o p e l l a n t  f o r  a b ip rope l l an t  OMV i s  a p o s s i b i l i t y  when 

cons ider ing  STS OMS scavenging. However, p resent  e s t ima tes  of the commodities 

r equ i r ed  on l o g i s t i c s  miss ions  t o  and from t h e  Space S t a t i o n  usua l ly  exceed 

the  weight l i m i t a t i o n s  of the  S h u t t l e .  This  means t h a t  enough OMS p r o p e l l a n t  

(N204/MMH) w i l l  be loaded t o  f l y  t h e  mission and al low maximum STS payload 

weight c a p a b i l i t y .  I t  a l s o  means t h a t  no e x t r a  OMS p rope l l an t  may h e  added 

f o r  scavenging once a t  the Space S t a t i o n  s i n c e  t h i s  would a c t u a l l y  degrade t h e  

STS launch c a p a b i l i t y .  

advantage of  "free1 '  p rope l l an t .  

Therefore ,  t he  N204/MMH cand ida te  mav have no 

S ince  i t  appears  t h a t  " f ree"  OMV p r o p e l l a n t  may not  be a r e a l i t y ,  then 

perhaps OMV propuls ion  should be  chosen on the  m e r i t  of mission accommodation, 

minimum Dropel lant  launch c o s t ,  and minimum resupply ope ra t ions  and 

maintenance c o s t s .  In cons ider ing  t h e  D R M ' s ,  the  s t o r a b l e  b i p r o p e l l a n t  and 

s u p e r c r i t i c a l  0 /H systems have the  lowest proDellant mass requirements  

and a r e  nea r ly  equal .  The mass f r a c t i o n s  of d e l i v e r i n g  these  p r o p e l l a n t s ,  

however, d i f f e r  w i d e l y .  The t o t a l  launch mass of the  s u p e r c r i t i c a l  

p r o p e l l a n t s  may be approximately 55% h ighe r  than t h e  s t o r a b l e  b i p r o p e l l a n t s  

(mass f r a c t i o n s  of 0.55 and 0.85 respectively). Therefore, even thoileh 

2 2  

p r o p e l l a n t  consumption is  s i m i l a r  over a 10 yea r  pe r iod ,  t he  t o t a l  launch 

c o s t s  favor  the s t o r a b l e  b i p r o p e l l a n t  concept.  

Dual mode ( N  0 / N  /H 1 propuls ion f o r  OMY may provide some 2 4  2 4 
b e n e f i t s  over t h e  N 0 / M M H / G N  
co ld  gas  system and G N  resupply i f  N H i s  acceptab le  f o r  use i n  

proximity ope ra t ions .  

between 600 and 1160 lbm of main p r o p e l l a n t  ( b i p r o p e l l a n t )  over t h e  

N 0 /MMH sys t em because of less dry weight,  and saves 70% of the  resupply 

launch c o s t s  f o r  proximi tv  ope ra t ions  p r o p e l l a n t .  These sav ings ,  however, 

system such a s  e l imina t ion  of  t he  G N 2  2 4  2 

2 2 4  
Over t h e  10 yea r  per iod  t h e  dual  mode system saves 

2 4  

t o t a l  less than a 1% savings  i n  resupply launch mass over t h e  N 0 /MMH 2 4  



concept.  So, i n  a d d i t i o n  t o  cons ide r ing  resupply launch c o s t s ,  the  remaining 

t r a d e o f f s  i nc lude  t h e  increased  development c o s t s  and/or  tankage des ign  f o r  

t he  dual  mode system ve r sus  the  a d d i t i o n  of a G N  system and a s s o c i a t e d  

resupply ope ra t ions  f o r  t h e  N204/MMH system. 

d e t a i l e d  assessments  and a r e  beyond t h e  scope of  t h i s  s tudv.  Cons idera t ion  

should be  given t o  commonality with platform propuls ion i n  these  t r a d e s ,  s i n c e  

t h e  propuls ion requirements  of po la r  and non-coplanar co-orb i t ing  p la t forms  

a r e  very s i m i l a r  t o  the  OMV requirements.  A d i scuss ion  of a p p r o p r i a t e  

cand ida te s  f o r  t hese  p la t forms  follows. 

2 
These t r a d e o f f s  r e q u i r e  

E .  P la t form Propuls ion  System Recommendation - 

The dual  mode b i p r o p e l l a n t  system d e l i v e r s  t h e  l a r g e s t  amount of 

payload assuming an i n i t i a l  t o t a l  mass o f  27045 lbm. When the  resupply 

p i c t u r e  is examined, however, t h e  e l e c t r o l y s i s  svs tem w i t h  10% accumulators 

r e q u i r e s  less resupply p rope l l an t .  When the  t o t a l  mass o f  resupplv module i s  

examined i t  i s  c l e a r l y  t h e  b e s t  performer. I t  i s  a l s o  t h e  second h e s t  

performer a s  f a r  a s  payload de l ive rv  i s  concerned. The system, however, i s  

pena l ized  by the  amount of t i m e  requi red  t o  f i l l  t h e  accumulators and t h e  

power requirements  f o r  t he  e l e c t r o l y z e t .  The dual mode and b i p r o p e l l a n t  

systems a r e  very  s i m i l a r  i n  performance and t h e  amount of resupplv p r o p e l l a n t  

requi red .  The hydrazine svstem i s  the  second t o  l a s t  performer a s  f a r  A S  

payload i s  concerned but  i s  t h e  worst  sys t em t o  resupply.  The cold gas svstem 

is  the  worst  performing s y s t e m  due t o  the  mass of the  accumulators but  i s  

b e t t e r  than t h e  hydrazine system f o r  resupply through the  use of the  PRSA type  

resupply tanks.  

The non-coplanar co-orb i t ing  p la t form was assumed t o  be  i d e n t i c a l  t o  

the  p o l a r  platform f o r  commonality s i n c e  t h e i r  s i z i n g  requirements  a r e  n e a r l v  

t h e  same. Therefore ,  the  27045 lbm system was once aga in  used f o r  t h i s  case .  

The non-coplanar s v s t e m  was examined f o r  the f i v e  p la t form propuls ion  

op t ions .  

d r iven  by assuming t h a t  t h e  OMV would be a v a i l a b l e  f o r  s e r v i c i n g  from the  

Space S t a t i o n .  Since t h e  f i n a l  p r o p e l l a n t  s e l e c t i o n  f o r  t he  Space S t a t i o n  has  

no t  been made, i t  was assumed t h a t  a l l  proDellant  r equ i r ed  f o r  t he  p la t form 

would be brought up by the  o r b i t e r .  The p la t form round t r i p  v e l o c i t y  

requirements  f o r  v a r i a t i o n s  i n  ope ra t iona l  a l t i t u d e  s t a r t i n g  a t  a s e r v i c i n g  

The OMV de l ive red  e l e c t r o l y s i s  u n i t  was a l s o  included.  This  was 
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a l t i t u d e  of 4 6 3  km ( 2 5 0  nm) and us ing  t h e  27045 lbm a r e  shown i n  F igu re  111-16 

Performance paramet r ics  f o r  the va r ious  opt ions  were determined f o r  s e v e r a l  

d e l t a  v e l o c i t i e s  i n  t h e  range. F igure  111-17 summarizes t h e  payload 

c a p a b i l i t y  f o r  each sys t em a t  the va r ious  d e l t a  v e l o c i t i e s .  

The t o t a l  resupply mass r equ i r ed  f o r  t he  var ious  d e l t a  v e l o c i t i e s  a r e  

shown i n  F igure  111-18. The genera l  t rends  f o r  the performance and resupplv  

of  t he  non-coplanar co-orh i te r  a r e  e s s e n t i a l l y  t h e  same as  f o r  t he  po la r  

platform.  One d i f f e r e n c e  between the  graphs is  the a d d i t i o n  of t h e  O W  

d e l i v e r e d  p la t form opt ion.  A s  f a r  a s  resupply mass i s  concerned, t h e  system 

i s  comparable t o  the  b i p r o p e l l a n t  and dual  mode b i p r o p e l l a n t  systems. 

The e l e c t r o l y s i s  propuls ion systems r e q u i r e  a c e r t a i n  length  of  time t o  

recharge t h e i r  accumulators .  This  amount of t i m e  i s  determined by the power 

a v a i l a b l e  f o r  t h e  e l e c t r o l y z e r .  I t  was assumed t h a t  5kw would be a v a i l a b l e  

f o r  the e l e c t r o l y z e r  while t r a v e l i n g  t o  and from the  ope ra t iona l  a l t i t u d e  and  

1 / 2  kw would be a v a i l a b l e  while on-orbi t .  

sec/kw-hr ( p e r  Hamilton Standard) .  Table  111-19 shows the  t o t a l  amount of  

t i m e  r equ i r ed  t o  gene ra t e  a l l  t h e  p rope l l an t  f o r  t he  two e l e c t r o l y s i s  op t ions  

and the  e x t r a  t i m e  requi red  f o r  t he  mission f o r  an e l e c t r o l y s i s  s y s t e m  

compared t o  a "ready t o  go" monopropellant o r  b i p r o p e l l a n t  s y s t e m .  Two 50% 

accumulator e l e c t r o l y s i s  systems have been included f o r  comparison. The f i r s t  

system has 50% accumulators f i l l e d  from a water tank con ta in ing  100% of  the  

mission p rope l l an t .  The systenl would be resuppl ied  by changing out  the  water  

tank and then wai t ing  f o r  t he  accumulator t o  be charged (1105.0 h r  o r  46.0 

days) .  The second system has previously f i l l e d  50% accumulators and a water  

tank con ta in ing  the  remaining 50% of the  p r o p e l l a n t .  Resupply would involve  

changing out both the  w a t e r  tank and accumulators. This p r o v i d e s  a "ready to 

The e l e c t r o l y z e r  provides  136 l h f  

go" system but  pays a resupply penal ty  by ca r ry ing  t h e  heavy accumulators.  

By d e f i n i t i o n  the  coplanar  co-orb i t ing  platform w i l l  f l y  a t  the  same 

a l t i t u d e  as t h e  Space S t a t i o n  ( s i n c e  an a l t i t u d e  d i f f e r e n c e  would cause t h e  

p la t form t o  d r i f t  ou t  of the  Space S t a t i o n  p l ane ) .  Therefore ,  some s o r t  of 

cont inuous drag  makeup o r  reboos t  s c e n a r i o  s i m i l a r  t o  t h a t  of t he  Space 

S t a t i o n  would seem appropr i a t e .  In f a c t ,  s i n c e  no l a r g e  d e l t a  V maneuvers o r  

o r h i t  adjustments  a r e  r equ i r ed  f o r  t h e  coplanar  p la t form,  the  reboos t  system 

chosen f o r  t he  Space S t a t i o n  may prove t o  be the  b e s t  s o l u t i o n  f o r  t h i s  

p la t form.  Of course ,  one could a t t a c h  a "dumb" O W  type  propuls ion  module 

( s t o r a b l e  b i p r o p e l l a n t )  t o  the  platform and s a t i s f y  the  mission requirements .  

However, t he  low minimum t h r u s t  and low impulse requirements  as w e l l  as t h e  
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i n s e n s i t i v i t y  of  p rope l l an t  consumption t o  dry weight f o r  t h i s  miss ion  (nea r  

cons t an t  a l t i t u d e )  may po in t  t o  another  sys tem concept.  

A water e l e c t r o l y s i s  propuls ion s y s t e m  is w e l l  s u i t e d  to  t h e  

a p p l i c a t i o n  t o  a coplanar  co-orb i t ing  platform. A t o t a l  impulse of  79  K 

lb f -sec  (worst  ca se  nominal) is requi red  f o r  drag make-up and ACS f o r  90 

days f o r  a 25 K lbm platform.  This  r e s u l t s  i n  a 0.38 Kw cont inuous power 

requirement f o r  water e l e c t r o l y s i s  a t  a s p e c i f i c  power usage o f  4.0 Kw-hrflbm. 

This  power l e v e l  i s  less than t h e  0.5 Kw t h a t  w i l l  be a v a i l a b l e  t o  propuls ion  

on a continuous b a s i s  on-board a platform.  Water f o r  resupply may a l s o  h e  

a v a i l a b l e  f o r  t h e  r e l a t i v e l y  small supply requirements  from Space S t a t i o n  

ECLSS o r  MTL l e f t o v e r .  

could be a d d i t i o n a l  r a t i o n a l e .  

In  a d d i t i o n ,  commonality with Space S t a t i o n  propiilsion 

IV. TASK 111 - PRELIMINARY D E S I G N  

Task 111 was de le t ed  by the  r ev i sed  SOW. 

V. TASK IV - COMPUTER SIMULATION 

The o b j e c t i v e  of t h i s  task  w a s  t o  provide a computer s imula t ion  of the  

water e l e c t r o l y s i s  propuls ion s y s t e m  f o r  the Space S t a t i o n .  The computer 

program is  capable  of s imula t ing  des ign  po in t ,  planned emergency ope ra t ion  and 

off-design ope ra t ion  of t he  propuls ion system. 

"breadboard" f a sh ion  t o  a l low each component a lgor i thm t o  be  e a s i l y  modified.  

This  t a sk  a l s o  provided f u l l  documentation of the  computer program i n  the form 

Of a user's manual t h a t  inc ludes  a d e s c r i p t i o n  o f  the  D r o p r a m ,  d e s c r i p t i o n  of  

a l l  sub rou t ines ,  sample cases  and a complete program l i s t i n g .  

I t  a l s o  was w r i t t e n  i n  a 

The work e f f o r t  on t h e  computer s imula t ion  program began with the  

development of a sof tware  plan.  This p lan  was used to  guide the  development 

and t e s t i n g  of t h e  computer program t o  i n s u r e  i t  m e t  a l l  of  t h e  requirements  

of t h e  program. The program w a s  o r i g i n a l l y  intended t o  model the  water  

e l e c t r o l y s i s  propuls ion  sys t em f o r  space s t a t i o n .  However, as t h e  program w a s  

being developed i t  was found t h a t  i t  could e a s i l y  be  expanded i n t o  a program 

t h a t  would model s e v e r a l  o t h e r  types of propuls ion  sys t ems .  This  c a p a b i l i t y  

was enhanced by developing a u s e r  f r i e n d l y  i n t e r f a c e .  

t h e  u s e r  t o  e n t e r  a l l  i npu t  parameters  and d e f i n e  t h e  feed s y s t e m  components 

through a sequence of  ques t ions  on the  screen .  This  f a c i l i t a t e s  t r ade  s t u d i e s  

The i n t e r f a c e  a l lows  

e of  va r ious  systems.  
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The program c o n s i s t s  of a main d r i v i n g  program and subrout ines .  t h a t  

correspond t o  each component modeled. 

modified by the  use r  because of the  modular form of the  program. The computer 

program models a l l  t h e  components t h a t  a r e  i n  the  Space S t a t i o n  water 

e l e c t r o l v s i s  propuls ion  system, and s e v e r a l  o t h e r s  t h a t  a r e  important  t o  

propuls ion  sys t ems  i n  genera l .  These components inc lude :  t he  e l e c  t r o l v s i s  

u n i t s ,  d rye r s ,  l i q u i d  t anks ,  gas accumulators,  t h r u s t e r s ,  back-pressure 

r e g u l a t o r s ,  r e g u l a t o r  pumps, and compressors. 

components such a s  v a l v e s ,  l i n e s ,  f i l t e r s ,  e t c .  

The component a lgor i thms can e a s i l y  h e  

It a l s o  models simple f l u i d  

Documentation of the  program was developed concurren t ly  with t h e  

programming of t he  model. 

t h a t  has  been submit ted as  a s e p a r a t e  document f o r  t h i s  program*. 

manual i s  a complete d e t a i l e d  d e s c r i p t i o n  of t he  program. I t  inc ludes  a 

d e s c r i p t i o n  of t h e  program; the  t h e o r e t i c a l  background of the  ma themat ica l  

models; t h e  a n a l y t i c a l  techniques used i n  de r iv ing  s o l u t i o n s ;  a complete 

d e s c r i p t i o n  of  a l l  subrout ines  and sample cases  run us ing  the  program. For a 

complete d e s c r i p t i o n  of t he  program t h e  user 's  manual should be consul ted .  

However, some of the  h i g h l i g h t s  of the program are summarized i n  the  fol loiJ ing 

paragraphs.  

This  documentation evolved i n t o  a u s e r ' s  manual 

The user ' s  

The e l e c t r o l y s i s  sub rou t ine  has two op t ions ,  one f o r  t he  Sol id  Polymer 

E l e c t r o l y t e  E l e c t r o l y s i s  u n i t  and the  o t h e r  f o r  t h e  Potassium Hydroxide 

E l e c t r o l y s i s  u n i t .  

gathered from two manufac turer ' s .  The information f o r  t he  SPE u n i t  was 

provided by Hamilton Standard,  and information f o r  t he  KOH u n i t  was suppl ied  

bv L i f e  System, Inc.  The ope ra t ing  equat ions provide the  f lowra tes  i n t o  and 

out  of the u n i t  and are based on the  power input and t h e  efficiency of t he  

u n i t .  

The subrout ine  c a l c u l a t i o n s  a r e  based on t h e  information 

The d rye r  a lgo r i thm determines t h e  amount of mois ture  absorbed from t h e  

gas stream. The amount absorbed is  based on the  ope ra t iona l  temperature .  

Performance curves f o r  t he  drying m a t e r i a l s  were obtained from t h e  d r y e r  

manufacturers .  The a lgor i thm a l s o  eva lua te s  the  t o t a l  amount of water 

absorbed,  and determines when t h e  d rye r s  need t o  be switched f o r  

regenera t ion .  During r egene ra t ion ,  t he  program c a l c u l a t e s  the  power r equ i r ed  

t o  l i b e r a t e  the  mois ture  from t h e  d rye r  m a t e r i a l .  

* MCR--87, Users Manual f o r  Space S t a t i o n  E l e c t r o l y s i s  Propuls ion  

System Simulator  
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The water s t o r a g e  tank subrout ine  assumes t h a t  t h e  tank i s  a cons t an t  

p re s su re  bellows tank. The p res su re  is invut  by the  user .  The r o u t i n e  

c a l c u l a t e s  t h e  p re s su re  and temperature  i n  t h e  tank based on t h e  water 

f lowra te  which i s  determined by the  e l e c t r o l y s i s  u n i t .  Basic mass and energy 

ba lances  a long  with hea t  t r a n s f e r  equat ions a r e  used t o  determine cond i t ions  

i n  both the  pas and l i q u i d  reg ions .  

The r o u t i n e  f o r  t h e  gas accumulators has t h r e e  d i f f e r e n t  methods of 

c a l c u l a t i o n  depending on what type of component is being modeled. The program 

models t h r e e  types of accumulators:  

1) an accumulator r ep resen t ing  the  volume of a component w i t h  a 

r e g u l a t o r  downstream, 

2)  an  accumulator r ep resen t ing  the  volume of a component without a 

r e g u l a t o r  downstream, 

3 )  an a c t u a l  s t o r a g e  accumulator followed by a backpressure  

r e g u l a t o r .  The c a l c u l a t i o n s  f o r  the  hackpressure r e g u l a t o r  a r r  

done i n  a s e p a r a t e  rou t ine .  

Mass and energy ba lances  and hea t  t r a n s f e r  equat ions a r e  used t o  determine the  

p re s su re  and temperature  i n  the  accumulator.  

The s imple feed system components such a s  l i n e s ,  v a l v e s ,  e t c . ,  a r e  

modeled i n  the  sub rou t ine  PDRP. PDRP is a s t eady- s t a t e  p re s su re  drop model. 

The model i s  designed f o r  a s i n g l e  incompressible  f l u i d .  The p ip ing  l o s s e s  

a r e  f r i c t i o n a l  l o s s e s ,  while t he  l i n e  components use a l o s s  c o e f f i c i e n t  (K) 
with l o s s e s  p ropor t iona l  t o  t h e  square  of t he  f l u i d  v e l o c i t y .  

A p l o t t i n g  r o u t i n e  f o r  the  IBM-PC was also de l ive red  w i t h  the c o m p u t e r  

model as reques ted  by MSFC. The r o u t i n e  was l i m i t e d  due t o  a v a i l a b l e  budget. 
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APPENDIX A 

Constant Hot-Side Temperature Heat Exchanger 

Consider t he  following s y s t e m  dQ 

w m  

-*f kdx 
t h e  following r e l a t i o n s  apply: 

dQ=U (Tn-Tf)dA 

where: u i s  the o v e r a l l  hea t  t r a n s f e r  c o e f f i c i e n t ,  BTU 
f t z  sec O R  

Tn i s  the  cons t an t  h a t  s i d e  temperature,  Deg R 
Tf i s  t h e  f l u i d  temperature ,  Deg R 
A i s  the  h e a t  t r a n s f e r  a r e a ,  f t 2  
cp is  t h e  f l u i d  s p e c i f i c  h e a t ,  BTU/lbm O R  

equat ing (1) and ( 2 )  

mCpdTf = U (Tn- 7 ) dA 

- k p d  e= UedA 
assume u v a r i e s  l i n e a r l y  with A so t h a t :  

( 3 )  -mcpd e= (a+bA) dA - 
0 

assuming cp t o  be e f f e c t i v e l y  c o n s t a n t  and i n t e g r a t i n g  (3 )  

-mcpln ( . ) =  aA + - bA2 
2 

In (?)=* + bA -A 
mcP 4 2 e,=e,exp(- mcP ( 2 

equa t ion  ( 4 )  is  used t o  determine e x i t  f l u i d  temperature.  
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APPENDIX B 

S torage  Tank Thermal Models 

Energy Equat ion 

dU = dQ+ hdm 
where : u is i n t e r n a l  energy, BTU 

Q i s  added energy,  BTU 
h is s p e c i f i c  en tha lpy ,  BTU/lbm 
m is mass, Zbm 

(when outf lowing,  dm is  nega t ive  and h is based on tank c o n d i t i o n s )  

tak ing  t h e  d i f f e r e n t i a l  o f  

dU = mdu + udm 

where: u is s p e c i f i c  i n t e r n a l  energy, BTU/lbm 

combining eqs. (1) d ( 2 )  so lv ing  f o r  mdu 

mdu = dQ + dm(h - u) 
mdu = dQ + dm (Pv) J 

where: J is  u n i t  conversion f a c t o r  

144 id BTU 
7 m  E2 f t - l b f  

the genera l  express ion  for du i s  

SP 
t h e  term ( T ) ~  can be expanded by using t h e  p a r t i a l  d e r i v a t i v e  r e l a t i o n s h i p :  

h e r e  p+X , T+Y , v+Z , so t h a t  



where: p i s  the c o e f f i c i e n t  of thermal expansion,  l./Deg R K i s  the  i sothermal  
c o m p r e s s i b i l i t y ,  - l / p s i a  

s u b s t i t u t i n g  ( 4 )  & ( 5 )  i n t o  ( 3 )  

mc,dT + m J ( F  - P)dv = dQ + J dm (Pv) 

V 
s o l v i n g  for dT s u s i n g  dv = --dm m. 

TP 
K dT=dQ+ J dm (Pv) +Jvdm (- - P)  

TP v mc, 
dT = dQ + J d m ( x )  

( 7 )  
mcV 

Equation (7) is the  energv balance  used i n  the s u p e r c r i t i c a l  s t o r a g e  model. 

2)  Pressure  Equation 

let  v = v(P,T) 
then 

- 6 V  = - KdP +pdT 
V 
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dP= (pdT+T)  dm 1 
(9) 

(9' ) dP= (pdT+T)  dv x 1 

i f  p 6 K d o  not  vary  too much, (9') can be in tegrated  t o  produce 

m2 
m i  

A P = (p AT = In (-) ) ( i o )  

Equation (10)  i s  the pressure  r e l a t i o n s h i p  used i n  the s u p e r c r i t i c a l  model. 

As .an a s i d e ,  i f  dP=O ( 9 )  becomes 

dT=dv 
~- 

Pv 
equating ( 1 1 )  with ( 7 )  

cvdv =dQ + J dm Tpv 
P V  m -(r) -- 

mK 
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