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FOREWORD 

i i  

This  document d e s c r i b e s  t h e  r e s u l t s  of t h e  s tudy  on t h e  resup- 
p l y / r e p a i r  of  s o l i d  o r  hybr id  a t t i t u d e  p ropu l s ion  subsystems.  
r e p o r t  i s  submi t ted  t o  t h e  George C .  Marsha l l  Space F l i g h t  Cen te r ,  
Na t iona l  Aeronaut ics  and Space Admin i s t r a t ion ,  i n  compliance w i t h  
Report  Requirement d of Con t rac t  NAS8-26196. 

This  

The o v e r a l l  o b j e c t i v e  of t h i s  s tudy  program w a s  t o  select op r i -  
mum methods f o r  o r b i t a l  r e supp ly ,  maintenance,  and r e p a i r  of  a 
hybr id  a t t i t u d e  c o n t r o l  p ropu l s ion  subsystem f o r  a l a r g e  o r b i t i n g  
Space S t a t i o n .  Hybrid rocke t s  w e r e  s t u d i e d  because they  appear  t o  
o f f e r  s i g n i f i c a n t  b e n e f i t s  f o r  t h e  a t t i t u d e  c o n t r o l  of manned space  
s t a t i o n s .  United Technology Center  s e rved  as a s u b c o n t r a c t o r  t o  
Mar t in  Marietta Corpora t ion  t o  provide  a s s i s t a n c e  i n  s a t i s f y i n g  t h e  
overal .1  program o b j e c t i v e  . 

Tasks conducted dur ing  t h i s  program inc luded :  e s t a b l i s h i n g  
candidate.  methods; ana lyz ing  t h e i r  impact on Space S t a t i o n  sys tems;  
s e l e c t i n g  p r e f e r r e d  systemlmethods; developing conceptua l  des ign ;  
and analyz ing  demands on Space S t a t i o n  systems.  This  r e p o r t  de- 
s c r i b e s  t h e  ac t iv i t ies  f o r  t h e s e  t a s k s ,  and i s  submi t ted  i n  two 
vo,lurraes : 

Volume 3c - Program Summary; 

Volume TI - Technica l  Study. 
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A B S T R A C T  

The Nat iona l  Aeronaut ics  and Space Adminis t ra t ion  (NASA) i s  
i n v e s t i g a t i n g  t h e  p o s s i b i l i t y  of launching a l a r g e  manned e a r t h  
o r b i t a l  space  s t a t i o n .  The nominal o p e r a t i o n a l  l i f e t i m e  of t h i s  
base  would be  a minimum of 1 0  y e a r s  w i th  a 180-day resupply  p e r i -  
od e 

A 10-year miss ion  i n  space  d i c t a t e s  new approaches t o  t h e  
des ign  of p ropu l s ion  subsystems. Previous  and c u r r e n t  space  e f -  
f o r t s  have s a t i s f i e d  t h e  l i f e t i m e  requirements  w i th  component 
redundancy and r igo rous  t e s t i n g  of  t h e  components. This  approach 
i s  accep tab le  f o r  r e l a t i v e l y  s h o r t  miss ions .  For long  mis s ions ,  
c r i t i c a l  subsystems, such as p ropu l s ion ,  must be  designed so  t h a t  
t h e  crew can perform resupply ,  maintenance,  and r e p a i r  o p e r a t i o n s  
t o  main ta in  t h e  subsystem's  o r i g i n a l  i n t e g r i t y .  This  r e q u i r e s  a 
d i f f e r e n t  approach: one t h a t  minimizes t h e  impact on t h e  workload 
of t h e  crew and maximizes t h e  p r o b a b i l i t y  of s u c c e s s f u l l y  accom- 
p l i s h i n g  t h e  miss ion .  

This  volume p r e s e n t s  t h e  d e t a i l s  of a s tudy  t o  determine 
optimum methods f o r  o r b i t a l  r e supp ly ,  maintenance,  and repa i r  of 
a hybr id  a t t i t u d e  p rapu l s ion  subsystem ( U S )  f o r  a l a r g e  o r b i t i n g  
Space S t a t i o n .  An o v e r a l l  g o a l  of t h i s  program w a s  t o  develop t h e  
informat ion  needed t o  compare t h e  hybr id  A P S  w i t h  o t h e r  cand ida te  
propuls ion subsystems. 

?k 

The hybr id  rocke t  i s  an a t t ' i a c t i v e  cand ida te  f o r  t h e  Space 
Seatian APS because:  (1) i t  i s  s a f e s t  due t o  i t s  l a c k  of t o x i c i t y  
and explosion haza rds ) ;  ( 2 )  i t  can combine t h e  s i m p l i c i t y  of  a 
manoprope3-lant w i t h  t h e  performance of a b i p r o p e l l a n t ;  and (3 )  i t  
provide8 on-off and t h r o t t l e d  o p e r a t i o n  t h a t  cannot be  s a t i s f a c -  
torily ob ta ined  w i t h  a s o l i d  r o c k e t .  

A combination of polymethylmethacrylate  and polybutadiene  w a s  
s e l e c t e d  a@ t h e  b a s e l i n e  f u e l ,  and l i q u i d  oxygen w a s  chosen as t h e  
o x i d i z e r ,  Helium gas  was t h e  s e l e c t e d  p r e s s u r a n t  f o r  t h e  blowdown 
n t s r e d  gas system t h a t  e x p e l s  t h e  o x i d i z e r  from t h e  c a p i l l a r y  
screm starage t a n k ,  Long l i f e  was ob ta ined  i n  t h e  t h r u s t  chamber 

, -  . 

'The hybr id  rocke t  cons idered  i n  t h i s  s tudy  employed a l i q u i d  
o r  gaseous o x i d i z e r  w i th  a s o l i d  f u e l .  



MCR-71-11 (Vol 11) xv 

assembly by us ing  r a d i a t i o n  coo l ing  and p e r m i t t i n g  t h e  f u e l - r i c h  
boundary gases  t o  f low d i r e c t l y  i n t o  t h e  nozz le .  This  n o t  on ly  
s i g n i f i c a n t l y  reduces  t h e  thermal  l o a d  and t h e  chemical c o r r o s i v i t y  
of t h e  hybr id  chamber and nozz le ,  b u t  i t  a l s o  extends t h e  o p e r a t i n g  
l i f e  beyond 10,000 sec. The r a d i a t i o n  cool ing  of t h e  hybr id  t h r u s t  
chamber assembly provided an exhaus t  gas  s p e c i e s  environment t h a t  
w a s  s i m i l a r  t o  t h e  environment of t h e  b i p r o p e l l a n t  l i q u i d  engine.  

The s tudy  i n d i c a t e d  t h a t  t h e  hybr id  A P S  i s  capable  of satis- 
f y i n g  t h e  10-year l i f e  c a p a b i l i t y .  An e v a l u a t i o n  w a s  conducted t o  
determine which combination of t h e  18 cand ida te  o x i d i z e r  f e e d  sys-  
t e m s ,  f o u r  i g n i t i o n  concepts ,  t h r e e  g r a i n  des ign  concepts ,  f i v e  
g r a i n  resupply  concepts ,  n i n e  o x i d i z e r  resupply  concepts ,  and f i v e  
p r e s s u r a n t  concepts  w i l l  p rovide  t h e  optimum A P S  from resupply ,  
maintenance, and r e p a i r  c o n s i d e r a t i o n s  wh i l e  s a t i s f y i n g  miss ion  
success  cri teria.  The s tudy  a l s o  showed t h a t ,  t o  o b t a i n  t h e  10-year 
l i f e t i m e  f o r  t h e  p ropu l s ion  subsystem, i t  i s  necessary  t o  have both  
redundant c r i t i ca l  subsystems and i n f l i g h t  maintenance. 

Areas s t u d i e d  i n  d e t a i l  inc luded:  r e l i a b i l i t y ;  f a i l u r e  modes; 
mal func t ion  d e t e c t i o n  and r e p a i r  dur ing  A P S  o p e r a t i o n ,  s tandby,  and 
re furb ishment ;  estimates of unscheduled maintenance t i m e  t o  c o r r e c t  
random f a i l u r e s ;  and onboard s e r v i c i n g  and r e p a i r .  

Many of t h e  concepts ,  f i n d i n g s ,  and conclus ions  p re sen ted  i n  
t h i s  s tudy  are e q u a l l y  adap tab le  t o  o t h e r  mechanical and f l u i d  sub- 
systems f o r  t h e  Space S t a t i o n .  
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Section A summarizes the significant findings and conclusions 
derived from this 6-month study. Details and supporting data are 
presented in the body of the report. The recommendations presented 
in Section B must be accomplished if the hybrid APS is to become a 
reality . 

A .  SUMMARY 

This study has shown that the hybrid A P S  has many exceptional 
characteristics for use aboard a manned Space Station. The se- 
lected hybrid A P S :  

1) Is the safest high-thrust propulsion system in use 

2) Offers high reliability; 

3) Requires little inflight maintenance; 

4 )  Offers high performance; 

5) Achieves a low total system weight; 

6) Requires minimum crew time. 

today; 

An early consideration of mission requirements and constraints 
led to the selection of two separate hybrid propulsion units t o  
satisfy, in an optimum manner, the impulse profiles necessary for 
Station attitude control and the discrete spinup/despin functions. 

Sixteen 223-N ( 50-lbf) thrusters were selected t o  supply atti- 

tude control impulse, while three 1114-N 250-lb units were 
f 

selected f o r  the large impulse requirements of spinupldespin. 

Two similar, but differently sized thrusters, were selected t o  
achieve a simple and reasonably sized motor fo r  attitude c o n t r o l ,  
while providing a unit of sufficient size to limit required main- 
tenance (refueling) during station spinup operation. A maximum of 
commonality is maintained between the two units to permit; simpli- 
fied development. 

In designing both thrusters, long-duration and low-maintenance 
requirements led to the selection of a radiation-cooled molybdenum 
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thrust chamber operating at relatively low pressure (80 psi, or 
558 kN/m2) e 

with an MoSi2 coating, is also used. The nozzle expansion area 
ratio is limited by a restriction that the exit diameter be no 
larger than the case diameter to facilitate withdrawal into the 
Space Station for routine maintenance. 

A radiation-cooled nozzle of the same material, lined 

The nozzle selected operates at a maximum temperature of 2900°F 
(1867°K) with essentially zero erosion and minimum maintenance re- 
quirements. 

Based on an evaluation of the performance and handling charac- 
teristics of potential propellants, we selected an oxygen/(PMM/PBD) 
propellant combination for both thrusters. This propellant system 
is safe to handle, nontoxic, and results in minimum impact on the 
Space Station. In addition., these propellants provide satisfactory 
performance at oxygen-to-fuel mixture ratios, which results in 
acceptable exhaust gas temperature and chemistry, and reasonable 
refurbishment (refueling) intervals. 

For the larger spinup motor, solid fuel grains are loaded in 
easily handled segments. The smaller attitude control motor uses 
monolithic grains. The spinup motor uses liquid oxygen as the 
oxidizer, inasmuch as any start transient effects are insignificant 
with regard to the magnitude of the impulse bits involved. For 
attitude control, reproducible impulse management with small im- 
pulse bits is necessary for attitude control, and start transient 
variations become important; consequently, gaseous oxygen was 
selected as the oxidizer. 

Ignitian system differences between the multipulse operation 
of the attitude control thrusters and the single long burn of the 
spinup motors resulted in the selection of alternative systems. 
The multipulse ignition is obtained with an oxygen/propane spark- 
initiated preburner that has proven safety and reliability. The 
simpler slngle-pulse motor ignition i s  accomplished with a squib- 
fnitiated pyrogen system similar to those used with solid rocket 
motors P 

Both motors share a common malfunction detection system (MDS) 
philosophy and sensing techniques. In particular, a helical 
sensing wire system is buried in the replaceable fuel cartridge 
near the outer diameter. As the fuel grain burns back to the 
cartridge wall, che heat causes the sensing wire to break, which 
signals svidizer flow shutdown. If oxidizer continues to flow 
after the fuel grain burns back to the cartridge wall, an off- 
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mixture  r a t i o  o p e r a t i n g  cond i t ion  w i l l  occur ,  w i th  an accompanying 
performance l o s s  and p o t e n t i a l  f o r  nozz le / case  damage. 

Except f o r  minor v a r i a t i o n s  a s s o c i a t e d  wi th  dimensional  d i f f e r -  
ences ,  e s s e n t i a l l y  common c o n s t r u c t i o n ,  mounting, and handl ing  
ph i losoph ies  are employed i n  both  motors.  Motor c l o s u r e  j o i n t s  u se  
s h e a r  p i n  f a s t e n e r s  w i t h  s t r a p  r e t a i n e r s  t h a t  are a t  once s imple  
and r e l i a b l e ,  and which impose minimum work load  on t h e  crew dur ing  
r o u t i n e  maintenance ope ra t ions .  Motor j o i n t s  are so  l o c a t e d  as t o  
e l i m i n a t e  t h e  p o s s i b i l i t y  of having h o t  gas  l e a k  i n t o  t h e  Space 
S t a t i o n  i n  t h e  event  of seal f a i l u r e .  

R e l i a b i l i t y  g o a l s  of t h e  hybr id  t h r u s t  chamber assembl ies  (TCAs) 
are m e t  by us ing  h i g h - r e l i a b i l i t y  components and redundancy i n  t h e  
area of  c r i t i c a l  subsytems. Main o x i d i z e r  p r e s s u r e  r e g u l a t i o n  and 
v a l v i n g ,  f o r  example, w i l l  be accomplished us ing  redundant systems.  
Malfunct ion sens ing  a l s o  i n c l u d e s  redundant s ens ing  techniques ,  and 
a l l  pr imary p r e s s u r e  seals u s e  redundant O-rings,  

A d e t a i l e d  d i s c u s s i o n  of t h e  s e l e c t e d  motor c o n f i g u r a t i o n  i s  
p resen ted  i n  Chapter V I  of t h i s  volume. 
a l l  l e n g t h  of 940 mm (37 .0  i n . ) ,  a loaded m a s s  of  21.0 kg (46.3 l b  ). 

The ACS motor has  an  over- 

m 
and d e l i v e r s  225-N 50.5 l b f )  of average t h r u s t  f o r  386 sed, a t  an ( 
average chamber p r e s s u r e  of 558 kN/m2 (81.0 p s i a ) .  The average  
d e l i v e r e d  s p e c i f i c  impulse i s  323 sec, and t h e  t o t a l  impulse pe r  
f u e l  g r a i n  i s  86,630 N-sec (19,480 l b f - sec  . 

poppet screw d i sconnec t .  Opening t h e  o x i d i z e r  c o n t r o l  va lve  a l lows  
GOX t o  ene rg ize  t h e  f l u i d i c  i n j e c t i o n  system, which mixes a meas- 
ured amount of propane wi th  GOX i n  a precombustor.  A timed spa rk  
i g n i t e s  t h e  mixture  and starts t h e  motor. Chamber p r e s s u r e ,  t h r u s t ,  
and f u e l  d e p l e t i o n  measurements are monitored by t h e  MDS. 

1 
The gaseous oxygen l i n e  i s  connected t o  t h e  motor via  a double  

The complete hybr id  APS uses  two t h r u s t e r  pads wi th  a t o t a l  of 
16 ACS motors and t h r e e  sp in /desp in  motors ( loca t ed  i n  fou r  p o s s i b l e  
f i r i n g  l o c a t i o n s ) .  The e i g h t  ACS motors are ar ranged  i n t o  two re- 
dundant: sets of f o u r  motors.  Each s e t  i s  connected t o  a backup 
shutdown valve. Each ACS motor has  s e p a r a t e  GOX, propane, and 
electrical. l i nes .  
dundant LOX valves v i a  vacuum-jacketed f l e x  l i n e s .  

The two s p i n l d e s p i n  motors are a t t ached  t o  re- 

The motors are l o c a t e d  on r a i s e d  t h r u s t e r  pads i n s i d e  two hybr id  
A P S  rooms on t h e  bottom deck of t h e  proposed Space S t a t i o n .  A l l  
motors are s t o r e d  i n s i d e  dur ing  launch  and extended once t h e  Space 
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Station is in orbit. The propulsion refurbishment rooms provide 
all the facilities required for maintenance, repair, and resupply 
of the hybrid A P S .  

Refurbishing/refueling of the thrusters is accomplished by 
mounting a vacuum-tight work chamber within the Station's pressure 
hull, leak-checking the inner chamber, withdrawing the thruster 
back into the work chamber, sealing off the opening that is left, 
leak-checking the hull seal, and removing the work chamber. The 
motor is then refueled by inserting a fuel grain cartridge complete 
with MDS sensors. All oxidizer and command/instrumentation umbili- 
cals are equipped with quick-disconnect couplings to facilitate 
handling. Following checkout of the assembled system, the thruster 
motor is returned to its firing position by essentially reversing 
the motor withdrawal procedure. 

The oxidizer feed assembly selected for the conceptual hybrid 
APS was designed to operate with the attitude control thrusters. 
The cargo module must be docked to the Space Station to store and 
supply the liquid oxidizer and pressurant for the spin/despin 
motors. 

The conceptual oxidizer feed assembly was designed to minimize 
maintenance, repair, and resupply while maximizing safety, relia- 
bility, and performance. This led to the selection of a helium 
blowdown pressurization system using capilliary screens. This is 
based on a launch date in the late 1970's. 
would necessitate the use of a bellows system, as was recommended 
in an earlier Martin Marietta study. 

An early launch date 

J( 

The 10-year life requirement dictates that the oxidizer feed 
assembly be reparable and contain a degree of redundancy. Thus, 
each propulsion module is designed to have two interconnected 
oxidizer feed systems that are virtually independent. In addition, 
the oxidizer feed assemblies for each module are interconnected, 
Furthermore, each system has sufficient redundancy among its com- 
ponents to eliminate single-point failures. Each system contains 
an assembly of quad check valves; a potential failure on one side 
of the quad valve is eliminated by flow through the redundant side. 

* 
V. A. DesCamp e t  a2.t Study of Space S ta t ion  Sgstem Resupply 

and Repair, Final Report. MCR-70-150, Contract NAS8-25067. 
Martin Marietta Corporation, Denver, Colorado, June 1970, 



MCR-71-11 (Vol 11) 1-5 

This also permits replacement of the failed side of the quad valve 
without hindering the operation of the propulsion system. The 
system employs a two-stage pressure and flow regulation assembly. 
In this manner coarse regulation is obtained, followed by fine 
regulation. Use is made of interconnections (crossover valves) 
between the two systems making up a propulsion module. Inter- 
connections are located downstream of the pressurant tank, down- 
stream of the oxidizer tank, and just upstream of the TCA units. 
This provides interaction between the two systems of the propul- 
sion module, if required. Each system also contains relief valves 
and burst discs at locations where unrelieved pressure buildup 
could result in catastrophic failure. 

The components _ _ _ _  are designed for. quick removal with a minimum 
of physical effort. Since a group of components (one side of the 
quad valve assembly, for example) or a section of the oxidizer 
feed assembly may become defective, modularization is used when 
possible. 

Finally, it is recognized that the system fluids should be 
isolated during repair. These fluids should be removed during 
component repair or replacement. This requirement is satisfied 
by venting all fluid storage containers and transfer lines to 
vacuum and by using cold traps to reclaim the fluid. This permits 
storing the fluid, as well as isolating the system fluid if it ba- 
comes contaminated, 

The oxygen is stored in the liquid phase to minimize space 
requirements, and is vaporized using the heat rejected by the 
Space Station systems before being injected into the TCAs, 

Resupply of the oxidizer feed assembly will be made with'a 
blowdown screen arrangement. A blowdown system will be used for 
pressurant resupply. The pressurant bottle onboard the logistics 
craft will be sized so that the residual gas from the pressurant 
will be used as the pressurant for oxidizer resupply.' An earlier 
Martin Marietta study recommended modular replacement for the 
pressurant; the present study placed a premium on crew time, which 
resulted in the blowdown approach. 

Self-sealing disconnects will be used to prevent spillage, 
The pressurant level will be determined by pressure gases on the 
Space Station storage tank, The oxidizer level will be predeter- 
mined on the logistics craft, and the whole bulk of fluid will be 
transferred, 

\ 
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The i n t e r f a c e  between t h e  l o g i s  t i c s  c r a f t  and the Space S t a t i o n  
is  t h e  hand-operated quick  d i sconnec t .  This  could b e  converted t o  
a "hard-dock" o p e r a t i o n  w i t h  a d d i t i o n a l  development. 
e l i m i n a t e  crew commitment and completely automate the system. 

Th i s  would 

A cargo  module f eed  system w i l l  a l s o  b e  used f o r  t h e  s p i n / d e s p i n  
experiments ,  thereby  e l i m i n a t i n g  a s e p a r a t e  system f o r  t h i s  opera- 
t i o n .  Engine s e l e c t i o n  would t ake  p l a c e  a t  t h e  c o n t r o l  p a n e l ,  a long  
wi th  p r e s s u r e  r e g u l a t o r  s e t t i n g .  

The consumable demand € o r  t h e  s p i n / d e s p i n  experiments  r e q u i r e d  
t h e  use  of t h e  cargo  module t o  supply t h e  f eed  system. A l l  o t h e r  
f u n c t i o n s  -- i n c l u d i n g  f a u l t  d e t e c t i o n  and compensation -- w i l l  re- 
main t h e  same. 

The o v e r a l l  r e l i a b i l i t y  of the  a t t i t u d e  c o n t r o l  t h r u s t e r  pads 
i s  0.9671, The o v e r a l l  r e l i a b i l i t y  of t h e  s p i n / d e s p i n  t h r u s t e r s  
I s  0.9913. 

A l l  maintenance, r e p a i r ,  and spares s t o r a g e  f o r  t h e  o x i d i z e r  
f eed  assembl ies  and t h e  t h r u s t e r s  take  p l a c e  i n  two a u x i l i a r y  
p ropu l s ion  subsystem rooms l o c a t e d  on t h e  bot tom deck of the Space 
S t a t i o n .  This  lower deck a l s o  con ta ins  two docking p o r t s  w i t h  
1.52-m (5 .0 -E t )  passageways l e a d i n g  t o  a 3.04-m ( l o - f t )  d iameter  
cen t ra l  tunnel .  

The auxil iary propuls ion  subsystem rooms are designed around 
the  thrus te r  pads and re furb ishment  t a b l e .  This  t a b l e  i s  t h e  
primary APS rnalntenaace and r e p a i r  s t a t i o n .  
neath the  table and i n  c a b i n e t s  holds  spare and replacement  p a r t s ,  
replacement  f u e l  g r a i n s ,  and re furb ishment  equipment. Recessed 
cradles and s t r a p e  are a v a i l a b l e  t o  hold  motors and f eed  system 
tanks dur ing  r e p a i r  o r  re furb ishment .  

S to rage  space  under- 

The s d a c t f o n  of onbsard s p a r e s  was based on t h e  fo l lowing  
c r i t e r i a ;  

0) Cmnponents whose f a i l u r e  would adve r se ly  a f f e c t  crew 
6afeCy. 
c r i t e r i o n ;  

CQmpQnents whose E a i l u r e  would degrade miss ion  
elJccess; 

No components are r e q u i r e d  t o  m e e t  t h i s  

2) 
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3)  Components w i t h  a h igh  f a i l u r e  p r o b a b i l i t y .  

Because each p i e c e  of hardware and each designed p i e c e  of 
equipment w a s  s e l e c t e d  w i t h  r e l i a b i l i t y  as one of t h e  impor tan t  
cr i ter ia ,  s p a r e s  w e r e  kep t  t o  a minimum. Motor replacement p a r t s  
w i l l  i n c l u d e  complete modular assembl ies ,  such as i g n i t e r s ,  f l u i d -  
i c  assembl ies ,  and spark ing  a s sembl i e s ,  i n  a d d i t i o n  t o  O-rings,  
shea r  p i n s ,  and f u e l  g r a i n s .  Oxid izer  f eed  assembly replacement 
p a r t s  i nc lude  three-way v a l v e s ,  c o n t r o l  valves, r e l i e f  v a l v e s ,  
c o n t r o l  r e g u l a t o r s  and f i l t e r s .  Whenever an  i t e m  i s  rep laced  o r  
r e f u r b i s h e d ,  t h e  o l d e r  s tocked  i t e m  w i l l  b e  used f i r s t ,  so t h e  
s p a r e  and reserve p a r t s  w i l l  always be f r e s h .  

Refurbishment of each ACS t h r u s t e r  r e q u i r e s  approximately 4 1  
minutes ,  and each s p i n l d e s p i n  motor,  43 minutes .  The t o t a l  c r e w  
t i m e  p e r  yea r  f o r  t h e  scheduled maintenance of t h e  f eed  assembly, 
i nc lud ing  r e supp ly  p e r i o d s ,  i s  286 minutes .  

S p e c i a l  t o o l s  r e q u i r e d  inc lude  c o n t a i n e r  assembl ies  f o r  t h e  
t h r u s t e r s ,  a d o l l y ,  a f l u i d  decontaminat ion t o o l ,  and t h e  normal 
hand t o o l s ,  

The in s t rumen ta t ion  and computer f a c i l i t i e s  requi rements  were 
designed t o  s a t i s f y  f o u r  pr imary o b j e c t i v e s :  

1 )  I n s u r e  miss ion  success ;  

2 )  

3) 

4 )  

Promote s a f e  p ropu l s ion  subsystem o p e r a t i o n ;  

Minimize p ropu l s ion  maintenance and increase propul -  
s i o n  r e l i a b i l i t y ;  

Provide  minimum impact on Space S t a t i o n  ac t iv i t ies .  
x 

Malfunct ion d e t e c t i o n  d e v i c e s  on t h e  t h r u s t e r s  i n c l u d e  p r e s s u r e  
and t h r u s t  t r a n s d u c e r s  and f u e l  t r i p  w i r e s .  The o p e r a t i o n  of t h e  
o x i d i z e r  f eed  assembly i s  monitored by a series of p r e s s u r e  read-  
i n g s ,  The ccncep tua l  hybr id  A P S  can ach ieve  h igh  r e l i a b i l i t y  and 
o a f e t y  wi th  e x t e n s i v e  computer fac i l i t i es ,  

Resupply o f  t h e  APS encompasses a l l  act ivi t ies  from terrestrial  
s t o r a g e ,  Inventory  c o n t r o l ,  and ground hand l ing  t o  i n f l i g h t  r e f u r -  
bishment of t h e  subsystem, 

1-7 

A t  launch ,  a l l  necessa ry  equipment and t o o l i n g  w i l l  b e  onboard 
t h e  Space S t a t i o n  t o  p e r f o m  t h e  planned a t t i t u d e  c s n t r o l  and s p i n /  
desp in  maneuvers, I t e m s  t h a t  w i l l  be  r e s u p p l i e d  dur ing  t h e  10-year 
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Station orbit will be as follows: 

1) Consumables : 

a) Liquid oxygen, 

b) Helium pressurant, 

c) 

d) 
e) Spin/despin motor igniter assemblies; 

Items that Age or Wear Out with Time and Use: 

a) Valves, 

b) Filters, 

c) O-rings, 

d) Seals. 

ACS and spin/despin motor fuel grains, 

Propane gas for igniting ACS motors, 

2) 

Resupply quantities of the consumable items were determined from 
the total impulse requirements, and assume a Shuttle flight every 
6 months, except during the artificial-g maneuvers when a cargo 
module is docked to supply LOX. The first Shuttle flight would be  
flown 3 months after launch, and the last resupply flight would be 
flown 9 years and 6 months after launch. 
Shuttle flights would be made during the 10-year Space Station 
mission. 

A total of 21 resupply 

A s  shown in previous studies and confirmed in this study, long- 
life components can not, by themselves, satisfy the long-life 
operational requirements for auxiliary propulsion systems for 
manned space missions. Even standby redundancy, although i t  i rn-  
proves system reliability, cannot satisfy the long-life requirement, 
Inflight maintenance is a must if the system has a long-life opera- 
tional requirement. 

B.  RECOMMENDATIONS 

This study has shown that the hybrid propulsion subsystem is 
an attractive concept for attitude propulsion on the Space Station. 
This really should not be surprising, inasmuch as the USSR arrived 
at the same conclusion earlier. However, the changing status of 
the Space Station concept means that the present results are 
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limited specifically to the McDonnell Douglas Phase B "common 
module" Space Station concept. 
study programs be considered to account for new concepts. 
study programs should include: 

We recommend that additional 
These 

Use of the hybrid rocket to satisfy low-thrust, as 
well as high-thrust, requirements (the hybrid rocket 
is also a likely candidate for drag makeup); 

A system's study investigation of the use of trash 
generated onboard the Space Station to supply the 
fuel for the hybrid grain. Results of this study 
could indicate what materials should be used for 
items that become trash; 

An evaluation of hybrid monopropellant, and cryogenic 
bipropellant systems as candidate propulsion subsystems 
for attitude control of the Space Station, 

We also recommended that NASA initiate propulsion programs that 
emphasize inflight maintenance, long life, and commonality with 
other subsystems, 
one factor -- performance, This, of course, is not sufficient to 
satisfy long life requirements for either manned or unmanned appli- 
cations. The propulsion programs should not only emphasize the 
design of these systems, but also demonstrate their inflight main- 
tenance capability. 

The propulsion community presently emphasizes 

It is also apparent from this study that inflight maintenance 
for propulsion must interface with other subsystems to provide the 
most effective concept. Therefore, one central integrator is re- 
quired to define, implement, and coordinate the inflight mainte- 
nance program for complex applications like the Space Station, 

New technology requirements identified during the performance 
of this study and recommended for further effort are: 

1) Development of three-way valves; 

2) 

3 )  Inflight maintenance experiment; 

4 )  Zero-g fluid transfer; 

5) Capillary screen development for cryogens; 

6) 

~- 

Development of electromechanical and mechanical 
bellows systems; 

Component design and test for maintainability; 
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7) 
8) Long-life test program; 

9) Low-pressure, radiation-cooled hybrid motor; 

Design and test fluid fittings; 

10) 

11) Advanced, low-maintenance ignition concepts. 

Low oxidizer mass flux regression characteristics 
with GOX/ (PMM/PBD) ; 
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I The Na t iona l  Aeronaut ics  and Space Adminis t ra t ion  (NASA) i s  
I i n v e s t i g a t i n g  t h e  p o s s i b i l i t y  of launching a l a r g e  manned e a r t h  
1 o r b i t a l  space  s t a t i o n .  The nominal o p e r a t i o n a l  l i f e t i m e  of t h i s  

base  would be  a minimum of 10  y e a r s  w i t h  a 180-day resupply  p e r i -  
od. 

Th i s  type  of long-durat ion manned space miss ion  r e q u i r e s  
d r a s t i c  improvements i n  t h e  c a p a b i l i t i e s  of t h e  p ropu l s ion  sub- 
system, as w e l l  as o t h e r  subsystems,  t o  a t t a i n  s a t i s f a c t o r y  
p r o b a b i l i t i e s  of miss ion  accomplishment. Inc reas ing  t h e  r e l i a b i l -  
i t y  of t h e  p a r t s  and assembl ies  of t h e  p ropu l s ion  subsystem, 
a l though mandatory, w i l l  n o t  be s u f f i c i e n t  i n  i t s e l f  t o  ach ieve  
t h e  o v e r a l l  levels of assurance  t h a t  are sought .  The r e a l i z a t i o n  
of t h e  10-year miss ion  i n  space  d i c t a t e s  new approaches t o  t h e  
des ign  of t h e  p ropu l s ion  subsystem. These approaches must i n c l u d e  
a p p r o p r i a t e  onboard r e sources  t o  augment o r  ma in ta in ,  throughout  
t h e  mis s ion ,  t h e  i n i t i a l  i n t e g r i t y  of t h e  p ropu l s ion  subsystem. 
This  can be  accomplished by p rov id ing  redundancy, performing f a u l t  
c o r r e c t i o n ,  o r  i n c o r p o r a t i n g  a combination of t h e  f i r s t  two and 
r e supp ly ing  expendables .  The s e l e c t e d  approach must minimize the 
impact on t h e  work load  of t h e  crew and maximize t h e  p r o b a b i l i t y  
of s u c c e s s f u l l y  accomplishing t h e  miss ion .  

A.  STUDY OBJECTIVES 

The o b j e c t i v e  of t h i s  s tudy  w a s  t o  select  optimum methods f o r  
t h e  o r b i t a l  r e supp ly ,  maintenance, and r e p a i r  of a hybr id  A P S  
f o r  a l a r g e  o r b i t i n g  Space S t a t i o n .  An o v e r a l l  g o a l  of t h i s  pro- 
gram w a s  t o  develop t h e  in fo rma t ion  needed t o  compare t h e  hybr id  
a t t i t u d e  p ropu l s ion  subsystem w i t h  o t h e r  cand ida te  p ropu l s ion  
subsystems. 

* 

*The hybr id  r o c k e t  cons idered  i n  t h i s  s tudy  uses  a l i q u i d  o r  
gaseous o x i d i z e r  w i t h  a s o l i d  f u e l ,  
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Secondary objectives were to: 

1) Determine the effect of selected approach/methods on 
Space Station systems, and 

2) Identify propulsion areas that require further immedi- 
ate technology investigation and/or development to 
meet an operational date of the late 1970s. 

B .  PROGRAM OVERVIEW 

The present study is one of three such study contracts awarded 
by the Marshall Space Flight Center (MSFC) to provide the necessary 
data to support the definition study being conducted by the McDon- 
ne11 Douglas Astronautics Company (MDAC), one of the two prime 
contractors for the Phase B Space Station study. Other candidate 
propulsion subsystems are the bipropellant subsystem (studied by 
the Martin Marietta Corporation, Denver Division) and the mono- 
propellant hydrazine A P S  (studied by Hamilton Standard). MDAC is 
presently basing its Space Station APS design approach on the 
monopropellant hydrazine subsystem. 
contractor, the North American Rockwell Corporation (NAR),  has a 
cryogenic bipropellant subsystem as the baseline for its APS. 

The other Space Station prime 

The hybrid rocket was selected as a candidate for the Space 
Station A P S  because: (1) it is safe (due to its lack of toxicity 
and explosive hazards); (2) it can combine the simp.licity o f  a 
monopropellant with the performance of a bipropellant; and (3) it 
provides on-off operation that cannot be satisfactorily obtained 
with a solid rocket. 

C .  STUDY GROUND R U L E S  

The ground rules for this study were selected to provide a 
scope of work compatible with a reasonable investigation of the 
application of hybrid rocket propulsion to the attitude control 
of an earth-orbiting Space Station. 
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This study was made with the baseline Space Station defined 
in the MDAC Phase B study*>k This configuration, shown in Fig. 
11-1, has a io-m (33-ft) diameter "commonfr module; the Saturn 
S-I1 stage is used as the counterweight for the artificial-g 
experiments. The "common" module contains two decks. Two of 
these modules make up the main work and living areas. Two of 
the decks are devoted to general purpose laboratories that support 
the experimental program. Each of the remaining two decks houses 
an operations and living quarters for six men. Either living 
area could accommodate the entire 12-man crew indefinitely, should 
the need arise. Access between decks is furnished by a central 
tunnel 3.048 m (10 ft) in diameter that also provides emergency 
shelter. Zero gravity, which is desirable for the conduct of 
experiments, is the normal mode of operation, although the Space 
Station has an artificial-g capability provided by using the spent 
Saturn S-I1 stage as a counterweight. Other pertinent study 
ground rules were: 

Only the high-thrust requirements are to be considered; 
the baseline thrust is 222 N 50 lb ; 

The propulsion subsystem design is not constrained t o  
a pod-type mount on the vehicle skin; 

The study will be limited to the mechanical portion 
of the system and associated instrumentation. The 
electrical control circuitry will not be defined; 

The thermal requirements will be considered, but no 
detailed thermal analysis will be undertaken; 

Repair or resupply concepts should minimize the re- 
quirement for extravehicular activity (EVA); 

The only requirement for the APS is in orbit, not 
during boost; 

The resupply/repair requirements imposed on the 
logistics craft will be established, rather than 
optimizing the type and size of the craft; 

All replaced hardware must be collected and placed 
inside the logistics craft for return to earth; 

( f )  

-1. 

' Space S ta t ion  Pre Zirninary Design - Uti Z i t y  Services MSFC- 
DRL-160, Line Item 13, Vol I, Book 4 ,  Preliminary Systems Design 
Data, Contract NAS8-25140. McDonnell Douglas Astronautics, July 
1970 e 
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9) The study will assume that there is no continuous 
ground monitoring of the attitude control system; 

Safety shall be a prime consideration in system 
selection; 

available for operational use by the late 1970s. 

10) 

11) Alternative concepts will be limited to technology 

Other evaluation criteria used to compare alternative hybrid 
A P S  approaches included: 

Supply requirements; 7) Space Station interfaces; 

Maintainability and repair; 8) Performance; 

Crew requirements; 9) Weight; 

Commonality 10) Growth potential; 

Onboard equipment require- 11) Cost. 
ments ; 

Reliability; 

D . REQU I REMENTS 

Several functions for the APS involve positioning, station- 
keeping, attitude control, pulsing, thrust vector alignment, 
thrust vectoring, and plume impingement. In this study, the uses 
for the hybrid A P S  are limited to high-torque, high-thrust func- 
tions only for the Space Station. These functions are: 

1) Providing attitude control, maneuvers, and docking 
functions before activation of the control moment 
gyros (CMGs) ; 

Performing spin/despin maneuvers for the five 
artificial-g experiments; 

the artificial-g experiment periods; 

2) 

3) Providing attitude control (wobble damping) during 

4 )  Providing control during the docking maneuvers; 

5) Providing backup attitude control. 

The high-thrust subsystem is located on the outboard aft end 
of the Space Station. With the thruster orientation shown in 



11-6 M C R - 7 1 - 1 1  (Vol 11) 

Fig. 11-2, it provides the capability to perform both attitude 
control and spin/despin for artificial-g experiments. 
thrusters are used for spin/despin and attitude control. 
thrusters, installed in two thruster module groupings, are located 
aft on the Y-axis (in the spin plane). 
is located in the module, oriented normal to the vehicle surface; 
a corresponding cluster of thrusters on the opposite module pro- 
vides despin. The multiple thrusters provide the reliability and 
redundancy ,necessary to complete the spin/despin functions safely. 
Redundant attitude control thrusters are also provided. By lim- 
iting the locations and orientation of the thrusters, plume 
impingement is minimized on the attached experiment modules and 
the installation weight of the thruster modules is reduced; iae,, 
there are only two, instead of four, modules. 

Separate 
The 

A cluster of spin thrusters 

The impulse requirements for the hybrid APS, based upon the 
MDAC phase B study, are presented in Table 11-1. 
ments are further defined in terms of the sixteen 222-N 

attitude control motors and the three 1114-N 250-lbf) spin/despin 

motors in Table 11-2. 

These require- 

( 

E .  APPROACH 

The approach followed to determine the optimum resupply, 
maintenance, and repair methods for a hybrid A P S  to serve a 
10-year life as part of the Space Station is shown in F i g .  11-3. 
The study was divided into five tasks: 

Task Description 

I Establish Candidate Methods 

I1 Analyze Impact on Space Station Systems 

I11 Select Preferred System/Methods 

IV Develop Conceptual Design 

V Determine Effect on Space Station Systems 

Initially in Task I, requirements and constraints were agreed 
upon. This was followed by preliminary analyses of the hybrid 
thrust chamber assembly (TCA) and the oxidizer feed system, 
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Table 11-1 High-Thrust  Impulse Requirements 

MISSION PHASE 

I n i t i a l  Boost thru 
space Stat ion Operation 
(7-10 days) 

(io-go days) ' 
Soace S ta t ion  Ooeration 

- 4rti f i  cia1 -g Exper 
nent Period (15 
nonths 1 
Five Experiments 

Zero-g Space Stat ion 
(84 yea r s )  

FUNCTION 

Maneuver t o  Gravity Gradient 
Orientation 

Att i tude Control (Rol l )  While 
i n  Gravity Gradient Operation 

Control d u r i n g  Docking of ' 

I n i t i a l  Crew/Cargo Module 
(ALS Hard Dock) 

A t t i  tude Control u n t i  1 CMGs 
Are Operating 

Space Stat ion Turnaround 
and Docking 

Control Attitude during S-I1 
Safing and Arming 

A t t i t u d e  Control ( i f  CMGs Are 
Inoperat ive)  

Control d u r i n g  Docking Dis- 
turbances 

Spi n/Despi n 

At t i tude Control while 
Spinning 

Control during Cargo Module 
or  ALS Docking Disturbances 

Att i tude Control i f  CMGs Are 
Inoperative 

Control during Docking Maneu- 
vers (every 90 days) 

Miscel laneous Maneuvers 
(every 90 days) 

TOTAL 

IMPULSE 

N-sec 

154,000 

204 , 000 

51,000 

87,000 

6,200,000 

184 , 000 

87,000 

51,000 

87,000 

51,000 

38,000,000 

lbf-sec 

34,500 

46 , 000 

11,500 

19,550 

1,396,100*. 

41,400* 

19,550" 

11,500* 

19,550t 

11,500t 

8 , 509 , 500 

*Per experiment. 
tPer event .  
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Table 11-2 Impulse Summary f o r  Hybrid Propulsion Subsystem 

FUNCTION 

At t i  tude Control 

0-90 Days 

3-18 Months 

18 Months-10 Years [138,000 
N-sec 31,050 1 bf-sec) /90 days] ( 

Total Atti tude Control Requirements 

Spin/Despin 

3-6 Months 

6-9 Months 

9-12 Months 

12-15 Months 

15-18 Months 

Total Spin/Despin Requirements 

TOTAL APS REQUIREMENTS 

I M  
N-sec 

498,000 

1,632,000 

4,770,000 

6,900,000 

6,200,000 

6,200,000 

6,200,000 

6,200,000 

6,200,000 

31,100,000 

38,000,000 

JLSE 
1 bf-sec 

111,550 

362,250 

1,055,700 

1,529,500 

1,396 , 100 

1,396,100 

1 396,100 

1,396,100 

1,396,100 

6,980,000 

8,509,500 
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Task I1 r e s u l t e d  i n  t h e  development of s e l e c t i o n  criteria.,  
as w e l l  as a Space S t a t i o n  systems impact a n a l y s i s ,  This  a n a l y s i s  
considered 18 cand ida te  o x i d i z e r  f eed  systems,  t h r e e  g r a i n  des ign  
concepts ,  f o u r  i g n i t i o n  concepts ,  f i v e  g r a i n  resupply  concepts ,  
n i n e  o x i d i z e r  resupply  concepts ,  and f i v e  p r e s s u r a n t  resupply  
concepts  and how they  i n t e r f a c e  w i t h  o t h e r  subsystems of t h e  Space 
S t a t  i o n  e 

Task I11 c o n s i s t e d  of an  a n a l y s i s  t o  select  t h e  optimum A P S  
from resupp ly ,  maintenance, and r e p a i r  c o n s i d e r a t i o n s  wh i l e  
s a t i s f y i n g  miss ion  success  cr i ter ia .  

Task I V  developed t h e  conceptua l  des ign  of t h e  s e l e c t e d  A P S  
t h a t  i nco rpora t ed  t h e  s e l e c t e d  methods of maintenance,  resupply ,  
and r e p a i r .  

During Task V ,  t h e  c h a r a c t e r i s t i c s  of t h e  conceptua l ly  designed 
A P S  w e r e  f a c t o r e d  a g a i n s t  t h e  requirements  of t h e  Space S t a t i o n .  
Details of t h e  s tudy  r e s u l t s  i n  each of t h e s e  areas are d i scussed  
i n  Chapters  I11 t h r u  V I I .  
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The s t u d i e s  performed i n  Task l w e r e  under t h e  fo l lowing  
s u b t a s k s .  

Subtask N o .  D e s c r i p t i o n  

1 T h e o r e t i c a l  P r o p e l l a n t  Performance 
2 Design Model Thrus t  Chamber Assembly (TCA) 
3 Parametric TCA Tradeof f s  
4 Candidate  Motor Component Designs 
5 Spin/Despin Requirements 
6 Ox id ize r  and P r e s s u r a n t  Cons idera t ions  
7 Candidate  Oxid izer  Feed Systems 

A. THEORETICAL PROPELLANT PERFORMANCE 

Seven cand ida te  hybr id  p r o p e l l a n t  systems were analyzed us ing  
a s h i f t i n g - e q u i l i b r i u m  p r o p e l l a n t  performance computer program. 
T h e o r e t i c a l  va lues  of s p e c i f i c  impulse,  f lame tempera ture ,  charac- 
t e r i s t ic  exhaus t  v e l o c i t y ,  and chemical composition w e r e  c a l c u l a t e d  
f o r  expaaston r a t i o s  of 20, 4 0 ,  and 60 a t  a b a s e l i n e  chamber pres -  
sure af 689 kN/rn2(10Q p s i a )  * Table 111-1 lists t h e  seven cand ida te  
propel lan t  systems t h a t  were examined and b r i e f l y  o u t l i n e s  t h e  
reasam f o r  t h e i r  cons ide ra t ion .  The t h e o r e t i c a l  performance 
curves f o r  t h e s e  seven cand ida te  p r o p e l l a n t  systems are shown i n  
Fig. 111-1 t h r u  111-3 f o r  an expansion r a t i o  of 60 and a chamber 
pressblre, of 689 kN/m2 (100 p s i a ) .  

The gaseous oxygen (GQX) p r o p e l l a n t  systems have s i m i l a r  
characteristics, wi th  flame tempera ture  i n c r e a s i n g  wi th  h i g h e r  
performance, The polymethyl. me thac ry la t e  (PMM) f u e l  system has  
the lowsat  optimum o x i d i z e r / f u e l  (O/F) r a t i o  (1 .6) ,  and h a s  a peak 

= 343 s e c  a t  E = 60 t h a t  is about  20 sec lower performance 

than  t h e  o t h e r  f u e l s  i n v e s t i g a t e d .  -- TFTA/polybutadiene (PBD) ,* 50-50 by weight ;  PMM/PBD, 20-80 by 

( I S P  1 
The t h r e e  o t h e r  cand ida te  f u e l s  

..._._ .. ,. 

KFFTA = t e t r a f o r m a l  t r i s a z i n e ;  PBD = hydroxy te rmina ted  
p d y b u t a d i e n e .  
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weight ;  and polye thylene  (PE) -- have optimum O/F r a t i o s  of 1.8, 
2 .25 ,  and 2 . 6 ,  r e s p e c t i v e l y ,  w i t h  optimum performance a t  E = 6 0  
from 3 6 1  t o  366 sec. 
(5480°F) f o r  PMM t o  3460°K (5770°F) f o r  t h e  PMM/PBD combination. 

Peak f lame tempera tures  va ry  from 3300°K 

Ni t rogen  t e t r o x i d e  (NTO) w i t h  t h e  PMM/P%D combination o f f e r s  
good performance a t  a r e l a t i v e l y  high mixture  r a t i o ,  and has  t h e  
advantages of a noncryogenic o x i d i z e r .  These f e a t u r e s  are ve ry  
a t t r a c t i v e  i n  many a p p l i c a t i o n s  and l e d  t o  t h e  s e l e c t i o n  of a mix- 
t u r e  of NTO and n i t r o u s  oxide  (MON-25) and PMM/PBD f o r  U T C ' s  hybr id  
t a r g e t  v e h i c l e .  However, t h e  t o x i c i t y  problems a s s o c i a t e d  w i t h  
NTO* make t h i s  p r o p e l l a n t  system u n a t t r a c t i v e  f o r  a manned Space 
S t a t  i o n .  

- 

A c h l o r i n e  p e n t a f l u o r i d e  (CPF)/perchloryl  f l u o r i d e  (PF) oxi-  
d i z e r  w i th  a l i t h i u m  f u e l  sys t emwas  inc luded  t o  compare a high- 
performance, maximum-density impulse p r o p e l l a n t  w i th  t h e  o t h e r  
cand ida te  systems,  The CPF/PF system has  about  t h e  same s p e c i f i c  
impulse as t h e  GOX system, b u t  i t s  flame tempera ture ,  4000°K 
(6740°F) ,  i s  s i g n i f i c a n t l y  h i g h e r .  I n  a d d i t i o n ,  t h i s  CPF/PF oxi- 
d i z e r  i s  even more t o x i c  than  NTO and is  d i f f i c u l t  t o  seal. 
Furthermore,  t h e  f u e l  g r a i n s  p r e s e n t  s t o r a g e  and hand l ing  problems 
because they react mi ld ly  wi th  water vapor  a t  room tempera ture  and 
must t h e r e f o r e  b e  s e a l e d  from cab in  a i r  dur ing  s t o r a g e  and / h a n z  
d l i n g  . 

The hydrogen peroxide  (H202)/PE p r o p e l l a n t  system w a s  i nc luded  
- - _  

t o  e v a l u a t e  a high-performance system w i t h  a very  h igh  O/F r a t i o  
(88% o x i d i z e r  by weight  a t  O/F = 7 . 5 ) .  
s t o r a b l e ,  provided s p e c i a l  t ank  p a s s i v a t i o n  and c l e a n  room proce- 
dures  are wed,  H202 i s  a l s o  nontoxic .  Although its t h e o r e t i c a l  
I a t  320 sec i s  some 40 s e c  lower than  o t h e r  systems,  i t s  f lame 

tempera ture ,  2690°K (438OoF) ,  i s  s u b s t a n t i a l l y  lower than o t h e r  
cand ida te  systems, which s i m p l i f i e s  t h e  TCA coo l ing  problem. 

Ninety p e r c e n t  H 2 0 2  i s  

SP 

&Vo A, Deschamp e t  a2.t S-C;udy of  Space Stat ion PropuZsion 
System ResuppZp arzd Repair,  Final Report, MCR-70-150 NASA Cont rac t  
NAS8-25Q67g 
19 79 e 

Martin Marietta Corpora t ion ,  Denver, Colorado, June 
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The s e l e c t i o n  of a mixture  r a t i o  p r e s e n t s  some unique consid- 
e r a t i o n s  f o r  t h e  cand ida te  hybr id  p r o p e l l a n t s .  S l i g h t l y  ox id i ze r -  
r i c h  o p e r a t i o n  o f f e r s  s e v e r a l  performance and b a l l i s t i c  advantages 
f o r  t h e  hybr id  a t t i t u d e  c o n t r o l  system (ACS). Opera t ion  a t  h i g h e r  
O/F r a t i o s  i n c r e a s e s  t h e  pe rmis s ib l e  maximum f u e l  g r a i n  d iameter  
and reduces t h e  f u e l  g r a i n  l e n g t h ,  thereby  i n c r e a s i n g  maximum 
t o t a l  impulse and ope ra t ing  t i m e  between f u e l  changes. However, 
ox id i ze r - r i ch  TCA o p e r a t i o n  i n c r e a s e s  t h e  c o r r o s i v i t y  and t h e  
flame temperature  of t h e  combustion products .  Therefore ,  i t  w a s  
necessary  t o  determine t h e  l i m i t i n g  o x i d i z e r - r i c h  mixture  r a t i o  
t h a t  would permi t  t h e  r equ i r ed  long-term o p e r a t i o n  of t h e  motor 
chamber and nozz le  assembly. 

The chemical composition of t h e  combustion products  . for  t h r e e  
cand ida te  p r o p e l l a n t  formula t ions  [GOX/PMM, GOX/(PMM/PBD), and 
(90% H202/PBD] i s  shown i n  F ig .  111-4 t h r u  ILI-6 f o r  Pc = 689 

kN/m2 (100 p s i a )  and E = 60. 
t e m  has  t h e  lowest  concen t r a t ion  of  o x i d i z e r  s p e c i e s ,  t h e  GOX/ 
(PMM/PBD) system has  t h e  nex t  lowes t ,  and t h e  GOX/PMM system, t h e  
h i g h e s t .  
t h e  concen t r a t ion  of o x i d i z e r  s p e c i e s  and t h e  f lame t e p p e r a t u r e ,  
causing only  a 10-15 sec l o s s  i n  s p e c i f i c  impulse.  This  can b e  
achieved wi thou t  e n t e r i n g  t h e  r eg ion  where s o l i d  carbon begins  t o  
form i n  t h e  exhaus t .  Any d e p o s i t i o n  of s o l i d  carbon on t h e  Space 
S t a t i o n  o r  a s s o c i a t e d  experiments would be  unacceptab le .  

A t  peak performance, the H202 sys-  

S l i g h t l y  f u e l - r i c h  o p e r a t i o n  can d r a m a t i c a l l y  reduce bo th  

P re l imina ry  f u e l  r e g r e s s i o n  rate c h a r a c t e r i s t i c s  have been 
determined f o r  t h e  seven cand ida te  p r o p e l l a n t  fo rmula t ions .  A 
r e l a t i v e l y  s imple  a n a l y t i c a l  model widely used f o r  p re l imina ry  
des ign  relates t h e  f u e l  r e g r e s s i o n  ra te  (f-1 a cons t an t  t i m e s  t h e  
square  r o o t  of t h e  o x i d i z e r  mass f l u x  (2 = A. Go) e 

i c a l  r e l a t i o n s h i p ,  where A 

A semiempir- 

= semiempir ica l  r e g r e s s i o n  cons t an t  
0 

and Go = o x i d i z e r  mass f l o w r a t e / g r a i n  p o r t  area = l b  / sec- in .  2 , 
m 

w a s  developed t h a t  relates t h e  r e g r e s s i o n  c o e f f i c i e n t  A t o  t h e  

d r i v i n g  en tha lpy ,  t h e  f u e l  h e a t  of v a p o r i z a t i o n ,  and t h e  f u e l  
d e n s i t y .  Because t h e  d r i v i n g  en tha lpy  can be  c a l c u l a t e d  from a 
t h e o r e t i c a l  thermochemical p r o p e l l a n t  combustion a n a l y s i s ,  t h i s  
approach provides  bo th  a convenient  p re l imina ry  v a l u e  of A 

comparison of t h e  e f f e c t s  of p r e s s u r e  and O/F r a t i o  on t h e  r eg res -  
s i o n  rate. Table  111-2 lists t h e  va lues  of A p r e d i c t e d  by t h i s  

theory  f o r  t h e  seven cand ida te  p r o p e l l a n t  formula t ions  a t  t h e  
b a s e l i n e  chamber p r e s s u r e  of 689 kN/m2 (100 p s i a ) .  

0 

and a 
0 

0 

Most of t h e  
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p r o p e l l a n t s  cons idered  have f u e l  r e g r e s s i o n  c o e f f i c i e n t s  between 
0.06 and 0.08. The l i t h i u m  f u e l  p r o p e l l a n t  system has  a consid- 
e r a b l y  h i g h e r  r e g r e s s i o n  c o e f f i c i e n t ,  p r i m a r i l y  due t o  a h i g h e r  
flame tempera ture ,  a low p r o p e l l a n t  d e n s i t y ,  and a low e f f e c t i v e  
h e a t  of vapor i za t ion .  

B. DESIGN MODEL TCA 

A des ign  model hybr id  TCA (Fig.  111-7 and Table 11113) w a s  
developed t o  i n d i c a t e  t h e  re la t ive  s i z e ,  weight  , and performance 
of a 222-N 50 l b  hybr id  t h r u s t e r .  The des ign  model TCA used 

gaseous oxygen and PMM a t  a b a s e l i n e  chamber p r e s s u r e  of 689 kN/m2 
(100 p s i a )  and d e l i v e r e d  49,553 N-sec (11,140 lb f - sec  of t o t a l  

impulse between g r a i n  changes w i t h  a s p e c i f i c  impulse of 302 sec 
a t  an expansion r a t i o  of 60. 
(32.2 i n . )  w i th  a 122-mm (4.8-in.)  motor case d iameter .  

( - f! - 

) 
The o v e r a l l  motor l eng th  was 818 mm 

--__ 

The TCA used LOX from t h e  o x i d i z e r  f e e d  system t o  r egene ra t ive -  
l y  coo l  t h e  nozz le  t h r o a t  area. The r e s u l t i n g  LOX temperature  
i n c r e a s e  r a i s e d  t h e  vapor p r e s s u r e  above t h e  GOX i n j e c t i o n  p r e s s u r e  
(but  below t h e  l i n e  p r e s s u r e ) .  
phase compensator t h a t  t h r o t t l e d  t h e  p r e s s u r e  t o  about  894 kN/m2 
(130 p s i a )  and f l a s h e d  t h e  LOX t o  GOX. 
an o x i d i z e r  c o n t r o l  valve i n t o  a precombustion chamber, where i t  
w a s  mixed dur ing  an 0.050-sec i g n i t i o n  p e r i o d  w i t h  a measured 
amount of gaseous butane  and sparked ,  During t h e  i g n i t i o n  tran- 
s i e n t ,  t h e  h o t ,  oxygen-rich precombustor gases  flowed i n t o  the 
primary combustion where they i n i t i a t e d  t h e  hybr id  combus t i o n  
p rocess .  A f t e r  i g n i t i o n ,  t h e  GOX was i n j e c t e d  d i r e c t l y  i n t o  a 
c y l i n d r i c a l  p o r t  f u e l  g r a i n  t a i l o r e d  t o  provide  a f u e l  f l o w r a t e  of 
0.0250 kg/sec  (0.0552 lbm/sec  for a p e r i o d  s f  223 secI 

r i c h  a t  a mixture  r a t i o  of 2.0. 
hybr id  f u e l  g r a i n  conf igu ra t ion  and inc reased  t h e  
impulse.  The f u e l  g r a i n  w a s  designed t o  provide  
i n  t h e  a f t  c l o s u r e  t o  i n c r e a s e  combustion e f f  i c ie  
a submerged nozz le .  An unsubmerged nozz le  b e n e f i t s  frgm f u e l  
boundary-layer coo l ing  t h a t  s i g n i f i c a n t l y  reduces t h e  a f t  c l o s u r g  
and nozz le  h e a t i n g  problem. 
were cons t ruc t ed  of molybdenum d i s i l i c i d e - c o a t e d  molybdenum, and 
were r a d i a t i v e l y  cooled,  

The LOX w a s  t hen  passed through a 

The GOX then  passed through 

) 
The des ign  model TCA w a s  designed t o  o p e r a t e  s l i g h t l y  ox id i ze r -  

This  s i g n i f i c a n t l y  impsQved the 

The motor case and nozz le  assembly 
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Table 111-3 Design Model of Hybrid TCA 

'ERFORMANCE SUMMARY 
Propel 1 an ts  GOX/PMM 

Chamber Pressure kN/m2 (psi a )  689 (100.0) 
Nozzle Expansion Ratio 60.0 
Vacuum Specific Impulse, sec 302 
Thrust, N ( l b f )  222 (50) 
Total Impul se  N-sec (1 b p e c )  
Durat ion,  sec 223 

Motor Diameter, mm ( i n . )  
Throat Diameter, mrn ( i n . )  
Overall Length, mrn ( in . )  
Grain Design Single Central Port 
Case & Nozzle Design 

Ignition System Sparked-Butane Precombustor 

O/F Rat io  2.0 

49,553 (11,140) 

IESIGN SUMMARY 
122 (4.80) 
14.7 (0.578) 
818 (32.2) 

Radi a t ive l  y-Cool ed Molybdenum Cas 
w i t h  LOX Regeneratively-Cool ed Throat 

dEIGHT SUMMARY, kg ( lbm) 

Thrust Chamber Assembly 
Forward Closure, Igni t ion,  & 

Motor Case & Nozzle Assembly 
Oxidizer Control Assembly 29.4 (6.5)  

60.3 (13.3) 
89.7 (19.v Reusabl e TCA Weight 

Expendables 
Useful Fuel 
Residual Fuel 

Loaded TCA 
Gaseous Oxygen 

55.7 (12.3) 
2.7 (0.6) 

148.1 (32.7) 
117 (25,8) 

Butane (used for ign i t ion  - 
weight  f o r  100 r e s t a r t s )  1 .4  (0 .3)  

Total Expended Weight 176,8 (39.0) 
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The des ign  model TCA w a s  cons t ruc t ed  t o  f a c i l i t a t e  t h e  rep lace-  
ment-and maintenance of t h e  f u e l  g r a i n .  The LOX, bu tane ,  and 
e lec t r ica l  l i n e s  a l l  used quick-disconnects .  The o x i d i z e r  c o n t r o l  
assembly w a s  a t t a c h e d  t o  a snap r ing-he ld  forward c l o s u r e  t h a t  
could b e  e a s i l y  removed by bending o r  de taching  t h e  f l e x i b l e  GOX 
l i n e .  The f u e l  c a r t r i d g e s  had several loops of t h i n  w i r e  imbaedded 
i n  t h e  g r a i n .  During motor o p e r a t i o n ,  an e l e c t r i c a l  c u r r e n t  flowed 
through a r e l a y  i n  t h i s  w i r e ,  which supp l i ed  power t o  t h e  o x i d i z e r  
c o n t r o l  va lve  i n  t h e  c losed  posit ion. .  When t h e  f u e l  s u r f a c e  
reached t h e s e  wires, t h e  e l e c t r i c a l  c u r r e n t  ceased,  which opened 
t h e  r e l a y  and au tomat i ca l ly  s h u t  down t h e  motor f o r  g r a i n  rep lace-  
ment. 

' 

C.  PARAMETRIC TCA TRADEOFFS 

1. Objective 

Using t h e  equat ions  i n  Appendix B of t h e  Quar t e r ly  Report ,*  
t h r e e  p r o p e l l a n t  systems were eva lua ted  t o  determine t h e  e f f e c t s  
of chamber p r e s s u r e ,  mix ture  r a t i o ,  and t h r u s t  on performance, 
t o t a l  impulse,  d u r a t i o n ,  motor s i z e ,  and f u e l  weight .  Although 
s e v e r a l  s i m p l i f y i n g  assumptions were made t o  make a paramet r ic  
a n a l y s i s  p o s s i b l e ,  t he  r e s u l t s  are s u f f i c i e n t l y  a c c u r a t e  f o r  pre-  
l imina ry  des ign  and f o r  a comparison of p r o p e l l a n t  systems,  

2. Ground Rules and Assumptions 
-~ - 

a. P r o p e l l a n t  Systems - The fo l lowing  t h r e e  nontoxic  hybr id  
p r o p e l l a n t  systems were s e l e c t e d  f o r  pa rame t r i c  a n a l y s i s :  

1) GOX/PMM; 

2) GOX/ (PMM/PBD) g, 
- 

3) H202/PE. 

*J. M. Murphy: ResuppZy/Repair of SoZid or Hybrid At t i tude 
Propulsion Subsystems, Quarterly Report. MCR-70-375. Mar t in  
Marietta Corpora t ion ,  Denver, Colorado, October 15, 1970. 
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' The GOX/plexiglas, polybutadiene systems were selected for 
their high performance, safety, and excellent fuel-regression 
characteristics. The 90% H202/PE system was selected for its 
storability, low flame temperature, and high mixture ratio. The 
other four candidate propellant systems either offered no advan- 
tages to the three that were selected or had serious drawbacks for 
this mission (e.g., toxicity or handling problems), and were not 
evaluated further. 

b. Performance - The theoretical performance values calculated 
in Section III-A were applied to the partial boundary layer-cooled 
design model TCA presented in Section III-B. The estimated deliv- 
ered performance with this design should be a 95% theoretical 
characteristic velocity, c*, and a 90% I efficienty at E = 60 
and P = 689 kN/m2 (100 psia). The nozzle exit diameter was set 

equal to the maximum grain diameter for ease in handling. 

SP 
c 

c. Re ression Characteristics - The regression rate relation- 
ship I? =*~ G was used with the values of A. at 689 kN/m2 (100 

psia) determined theoretically in Section III-A. Data for the GOX 
systems indicate that there is a flattening of the regression 
curves at valves of Go below 6.98 kg/m2-sec (0.01 Ibm/in.2-sec) a 

Therefore, this analysis is conservative and probably underpredicts 
the maximum total ,  impulse. The pressure sensitivity of the two 
oxygen propellants should be very similar and can be matched by 

Q (".) 0.25, where Pc 5. 1379 kN/m2 (200 psia). The H202 system 

will also be matched by this relation, although the lower reactiv- 
i t y  of the oxidizer may increase the pressure sensitivity. Further- 
more, because the. effect of the mass flux on the pressure sensitiv- 
ity has not been completely characterized, a constant pressure 
amonerrt of 0.25 will be used in this analysis. Therefore, 

= AQ (P/100)0*25, where Pc 5 1379 kN/m2 C200 psia), 

d ,  Cri t ical  pegression Rate - The critical regression rate for 
Tests with PMM/PBD indicated that minimum regres- 

PItN was %o,l27 %m/sec (0,005 in./sec) for the proposed Space Station 
AC5 application, 
sion rates as low as 0.076 mrnlsec (0.003 in./sec) may be possible, 
but L v a l ~  o f  Q,1016 mm/sec (0,004 in./sec) will be used in this 
analysis ts account for pulsed operation and to minimize transient 

high critical regression rate; thus, a minimum regression rate of 
0,254 m/sec (0,010 in./sec) would be required to prevent melting 
of the Surface during pulsed operation. 

ef fec ts ,  P o l y  ylene has a low melting temperature and a rather 
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3. Results o f  Parametric Motor Analysis 

S p e c i f i c  impulse depends on t h e  chamber p r e s s u r e  and O/F r a t i o ,  
and is  independent  of  t h r u s t  l e v e l .  F igu re  111-8 shows t h e  maxi- 
mum nozz le  expansion r a t i o  vs chamber p r e s s u r e  f o r  t h r e e  p r o p e l l a n t  
systems,  based on p r o p e l l a n t  b a l l i s t i c  c h a r a c t e r i s t i c s  and t h e  con- - .  

= D  . The GOX/(PMM/PBD) system can b e  designed 
max stant D e k t  g r a i n  

f o r  E = 100 ( t h e  h i g h e s t  expansion r a t i o  cons idered)  down t o  a 
chamber p r e s s u r e  of 517 kN/m2 (75 p s i a ) ,  due t o  t h e  ex t remely  low 
c r i t i ca l  r e g r e s s i o n  rate and r e l a t i v e l y  h igh  r e g r e s s i o n  c o e f f i c i e n t  
of t h i s  p r o p e l l a n t  system. On t h e  o t h e r  hand, t h e  GOX/PMM system 
i s  expansion r a t i o - l i m i t e d  a t  low p r e s s u r e ,  and t h e  H 2 0 2 / P E  system 
i s  l i m i t e d  t o  comparat ively low expansion r a t i o s  due t o  a h igh  
i. of 0.254 m m / s e c  (0.010 i n . / s e c ) .  c r i  t 

F igure  111-9 shows t h e  e f f e c t  of t h e  mix tu re  r a t i o  on t h e  
maximum expansion r a t i o  a t  689 kN/m2 (100 p s i a ) .  max 
O/F/(Q/F t l ) ,  t h e  GOX/PMM system i s  more s e n s i t i v e  t o  t h e  O/F 
r a t l a  than  t h e  M 2 0 2 / P E  system, which o p e r a t e s  a t  a s i g n i f i c a n t l y  
h i g h e r  mixture  r a t i o .  The GOX/(PMM/PBD) system, whose curve  w a s  
a f f  the graph, had an i n t e r m e d i a t e  s e n s i t i v i t y  t o  t h e  O/F r a t i o .  

Because E a 

Figure  111-10 shows t h e  d e l i v e r e d  s p e c i f i c  impulse vs chamber 
pressure o f  t h e  t h r e e  p r o p e l l a n t s .  The GOX/(PMM/PBD) system de- 
1iverrs over  330 sec a t  chamber p r e s s u r e s  g r e a t e r  t han  448 kN/m2 
(b5 gs ia ) .  
lower ,  and t h a t  of t h e  H 2 0 2 / P E  system i s  lower by ano the r  20 t o  
30 S ~ C ~  A l l .  t h r e e  p r o p e l l a n t s  s u f f e r  s i g n i f i c a n t  performance 
Isssas a t  chamber p r e s s u r e s  below 414 kN/m2 (60 p s i a ) .  

Usfng 222 N (50 lb f )  of t h r u s t  as a b a s e l i n e ,  F ig .  111-11 

The performance of t h e  GOX/PMM system i s  20 t o  30 sec 

shsws t h e  v a r i a t i o n  i n  f u e l  g r a i n  l e n g t h  w i t h  chamber p r e s s u r e .  
The g r a i n  l e n g t h  dec reases  w i t h  i n c r e a s i n g  chamber p r e s s u r e  due 
t o  t h e  increase i n  t h e  r e g r e s s i o n  c o e f f i c i e n t .  Operat ing f u e l -  
r ich increases t h e  g r a i n  l e n g t h  and i t s  s e n s i t i v i t y  t o  chamber 
preggirlrc3, b u t  the o p p o s i t e  i s  t r u e  f o r  o x i d i z e r - r i c h  o p e r a t i o n .  
The GQX/PHM system has  the l o n g e s t  f u e l  g r a i n ,  due t o  a low O/F 
ratis  and a low r e g r e s s i o n  c o e f f i c i e n t .  Conversely,  t h e  H 2 0 2 / P E  
system o f f e r s  a ve ry  s h o r t  grain l e n g t h ,  due t o  a ve ry  h i g h  O/F 
r a t io  e 

The maximum p o r t  area (Fig.  111-12) i s  a s t r o n g  f u n c t i o n  of 
t h e  ergt ical  r e g r e s s i o n  rate and i s  less sensit ive t o  t h e  O/F 
r a t i o .  The low c r i t i ca l  r e g r e s s i o n  rate and r e l a t i v e l y  h i g h  



I 11-18 MCR-71-11 (Vol  11) 

0 cu 
P( 

0 co 0 



_. MCR-71-11 (\dol 11) 111-19 

x 
2 

w 

0 1.0 2.0 3.0 4.0 5,O 6,O 7,O 
O/F R a t i o  

F ig ,  111-9 Maximum Expansion R a t i o  vs Oxid imer lFuel  R a t i o  



111-20 MCR-71-11 (Vol 11) 

34 0 

320 

300 4 
1 

CL 
v) 

M 

240 i 
220 i 

= 100 max E 

GOX/ (PMM/PBD) 
O/F = 2.4 

200 

v ---T----’---- I-- -- 7-- 1 I ras I 

0 20 40 60 80 100 120 140 
4, 
v )  u 

Chamber Pressure ( p s i  a )  

1 I I I I I I I 

0 3140 279 4 19 559 689 838 978 
Chamber Pressure ( kN/m2 ) 

F i g  11 I - 10 Del i vered Vacuum Speci f i c Impul s e  vs MotQr Chamber Pressure 



MCR-71-11 (Vol 11) 111-21 

0 1 ,  I I I I I I 
0 140 279 419 549 689 8 38 978 

Chamber Pressure (kN/m2) 
I 

Chamber Pressure (ps ia )  

Fig. 111-11 Fuel Grain Length f o r  Single-Port Hybrid APS vs Chamber Pressure 
and Oxidizer/Fuel Ratio 



111-22 MCR-71-11 ( V o l  11) 

-I 
- 
- 
- 
- 
- 

0 I I 1 I I I i 

0 140 279 419 559 689 838 978 

a I I I I I I I 
0 20 40 60 80 100 120 140 

Chamber Pressure ( p s i a )  

Chamber Pressure ( kN/m2) 

Fig. 111-12 Maximum Port Area vs Chamber Pressure and Oxidizer/Fuel Ratio 



MCR-71-11 (Vol 11) 111-23 

regression coefficient of the GOX/(PMM/PBD) system allows a much 
larger maximum port area than the other two propellants. Poly- 
ethylene's high critical regression rate offsets its high regres- 
s ion  coefficient and results in a small maximum port area. 

At a low chamber pressure and a high O/F ratio, the minimum 
port; area is determined by Mach number effects; but at high pres- 
sures and low O/F ratios, boundary-layer constraints are more 
important. Figure 111-13 shows the minimum port area vs pressure 
and O/F ratio for the GOX/PMM system. At O/F = 1.0, the longer 
grain length restricts the initial port diameter, due to boundary 
layer effects; at O/F = 2.4, the grain is significantly shorter, 
and Mach number constraints limit the initial port diameter until 
1) > 978 kN/m2 (140 psia), Figure 111-14 shows the minimum port 

area for the other two propellant systems, both of which are Mach 
number-limited for Pc < 689 kN/m2 (100 psia). 

c 

The usable fuel-grain weight for a 222-N (50-lbf) motor is 

shown in Fig. 111-15. The values shown in this figure do not in- 
clude the weight of residual fuel, which would add 3 to 6% to these 
weights, depending on the grain. The fuel-grain weights for the 
GOX propellants are around 4.54 to 9.07 kg 10 t o  20 lb,) 
brid grains can easily be segmented to facilitate handling and 
storage, Mowever, a man wauld be able to handle 1.34 to 18.14 kg 
(25 t o  40 lb,) grains in the 0 to 0.7-g Space Station environment, 

and segmentation would not be necessary for a 222-N ( 50-lbf) 
thruster .  
about L),9 kg 2 I b  e 

Hy- ( 

The HpOp/PE grains are extremely small and only weigh 

( m) 

) 

The maximum total impulse capability of the three ropellants 
ia @hewn in Fig, 1x1-16. At a thrust of 222 N 50 lb the GOX/ 

(PHJf/PBB) system can deliver 80,000 to 97,860 N-sec 

can ~ n l y  deliver about half this much. The H202/PE system delivers 
less than 22,240 N-sec 5098 lbf-sec and would, therefore, require 

more frequent grain replacement than either GOX system. 
KIT-17 shews the motor firing time between grain replacements. 
689 kM/m2 (I00 psiaIg thBo varies from 442 sec for GOX/(PMM/PBD) 
to only 92 sec for H202/PE, 

( fr 
18,000 to 

22,099 lbf--sec between grain replacements, but the d OX/PMM system 

( ) 
Figure 

At 
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The effect of the motor thrust level has been evaluated for a 
baseline motor using GOX/(PMM/PBD) at O/F = 2.4 and Pc = 689 kN/m2 
(100 psia). Figure 111-18 shows the maximum total impulse and 
fuel-grain weight vs thrust. This curve shows that varying the 
thrust level is a good approach to tailoring the motor impulse to 
mission requirements. Motors up to about 667 N 150 lb and de- 

livering 448,822 N-sec 100,000 lb -sec of total impulse could 

use monolithic grains, which weigh 45.4 kg 100 lb and are 

handled by one man.* 

size can deliver 889,644 to 1,334,466 N-sec 200,000 to 300,000 
lb -sec of total impulse with fuel grains segmented into 2 to 3 

maximum-weigh t 45.4-kg (100-lbm segments, or into 5 or 8 seg- 
ments weighing 18 kg ( 40 lb m) each. 

vs thrust. Both these dimensions increase with thrust. Therefore, a 
1334-N (300-lbf) motor [LG = 856 mm (33.7 in.), DG = 447 mm (17.6 

is similar to and 2.5 times the size of a 222-N 50-lb 

( f) 

1 
f m( 

( 

( 

( f )  

Motors in the 1000 to 1334 N 225 to 300 lb 

)I 
f )  

Figure 111-19 shows the grain length and maximum grain diameter 

( f) 
motor. The maximum grain diameter of 457 mm (18 in.) is well 
within the Ill-mm (25 in.) limit defined in the study by Nelsen. 

4. Thermal Analysis o f  Radiation-Cooled Nozzle 

A preliminary thermal analysis was made of the design model TCA 
motor nozzle to determine the feasibility of a design using radia- 
tion cooling. The configuration that was analyzed is shown in Fig. 
111-20. It consisted of an aft closure, throat, and exit cone made 
of a single piece of molybdenum coated with molybdenum disilicide. 
A satisfactory design must be capable of radiating sufficient 
energy to space to maintain temperatures below an appropriate oper- 
ating maximum. This maximum operating temperature will depend on 

*C. B. Nelsen: "Simulation of Package Transfer Concepts for 
Saturn I Orbital Workshop". Proceedings of the  Second National 
Conference on Space Maintenance and Extra-Vehicular A c t i v i t i e s ,  
Las Vegas, Nevada, August 1968. 
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the structural properties of the molybdenum (or other metal used) 
and the ability of the coating to withstand high temperatures. 
The analysis was performed for the GOX/(PMM/PBD) propellant system 
because it has the highest peak flame temperature of the propel- 
lant systems most likely to be adopted. 

The design model nozzle operates by conducting heat away from 
the throat area, where maximum heat transfer from the exhaust 
gases occurs, to the exit cone, where there is more radiating sur- 
face and lower lieat transfer from the gases, Furthermore, by 
making the nozzle exit cone considerably thicker than the aft 
closure of the case, heat in the throat region tends to be con- 
ducted toward the exit cone, rather than toward the aft motor 
closure, where high temperatures may damage the fuel grain. 

A thermal analysis was made to determine the wall temperature 
under a variety of operating conditions. This analysis was per- 
formed using a heat-conduction computer program that allows for 
one-dimensional conduction along a structure where radiative and 
convective boundary conditions depend on the location on the 
structure. Using a finite-difference technique, the program 
solves the heat-transfer equations for a structure divided into 
discrete nodes. A convective boundary condition is specified f o r  
each node, representing the transfer of heat from the exhaust 
gases, and a radiative boundary condition is specified, which rep; 
resents the-ability of the nodes to radiate energy to space. The 
thermal gradient through the nozzle wall was assumed to be negli- 
gible 

Convective heat transfer is strongly dependent on the exhaust 
gas properties near the nozzle wall. Because of the constant 
addition of fuel species to the boundary layer along the burning 
grain, the composition of the gas in the region-near the surface 
can be expected to differ considerably from that in the free 
stream. Marman* has shown that both theory and data indicate the 
oxidizer/fuel mixture ratio at the flame in an oxygan/Pl@l system 
approaches about 75% of the stoichiometric mixture ratio, 

* 
Final Technical Report, Invest igat ion o f  FundmentaZ 

Phenomena i n  Hybrid Propulsion. UTC 2097-FR. United Technology 
Center, Sunnyvale, California, November 1965. 
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Between the flame and the grain surface, the gases can be expected 
to be even more fuel-rich. For the heat-transfer analysis, it has 
been assumed that the effective mixture ratio along the nozzle ' 

surface is 75% of the free-stream mixture ratio. 

Convective heat-transfer coefficients were calculated using a 
simplified Bartz equation. 
strongly dependent upon the oxidizer/fuel mixture ratio, due to 
changes in the influential Bartz equation parameters with changes 
in the mixture ratio; specifically, the stagnation temperature, 
characteristic velocity, molecular weight, and ratio of specific 
heats vary widely, as shown in Fig. 111-21. The chamber pressure 
a lso  has a direct influence on convective heat transfer. Figure 
111-22 shows the calculated heat-transfer coefficients as a func- 
tion of nozzle station for a boundary-layer mixture ratio of 1 . 3 3  
and chamber pressure equal to 689 kN/m2 (100 psia). 

These heat-transfer coefficients are 

The radiation view factor to space from each point on the 
nozzle was found by subtracting from 1.0 the value obtained for 
the view factor to the rest of the nozzle. Points in the exit 
cone have a view factor made up of two contributions: one for the 
r a d i a t i o n  from the external surface, and one for radiation out the 
exit plane. An emissivity of 0.85 was used for the molybdenumdi- 
silicide coating. 
nozzle are Shawn in Fig. 111-23. 

View factors as a function of location on the 

These convective and radiative boundary conditions were input 
t o  the heat-conduction computer program, along with a description 
of the nozzle geometry and the material properties. The results 
are shown graphically in Fig. LII-24 thru 111-26. 

A typical temperature distribution in the nozzle after 10 sec 
i s  shown in Fig, 111-24.  Because the convective heat transfer i s  
highest at the throat and the radiative view factor is lowest, the 
throat; has the maximum temperature, Figure 111-25 shows a typical 

y at: the throat, 

The throat. temperature as a function of mixture ratio and 
chamber pressure is shown in Fig. Ll I -26 .  As can be seen, the mix- 
ture r a t io  i s  the primary parameter determining nozzle temperatures. 
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D. CANDIDATE MOTOR COMPONENT DESIGNS 

A number of a l t e r n a t i v e  motor component des igns  have been 
developed, i n  a d d i t i o n  t o  t h e  des ign  approaches shown i n  t h e  de- 
s i g n  model TCA. 
e f f e c t  on TCA maintenance,  r e p a i r ,  and resupply  requi rements ,  b u t  
have a minor e f f e c t  on motor performance. Therefore ,  most a l ter-  
n a t i v e  components can be developed independent ly  of t h e  pa rame t r i c  
a n a l y s i s  p re sen ted  i n  Sec t ion  1114, Candidate  nozz le  des igns ,  
however, w e r e  p re sen ted  i n  Sec t ion  111-C because they  re la te  t o  
motor ope ra t ing  cond i t ions  (chamber p r e s s u r e  and O/F r a t i o ) ,  and 
hence a f f e c t  performance. 

These a l t e r n a t i v e  components have an impor tan t  

1. A t t i t u d e  Con t ro l  Motor T h r u s t e r  Pad Design 

The c u r r e n t  d e s i g n  requirements  s p e c i f y  two ACS t h r u s t e r  pads 
a t  t h e  a f t  end of t h e  Space S t a t i o n .  Each pad w i l l  c o n t a i n  e i g h t  
222-N 50-lb a t t i t u d e  c o n t r o l  t h r u s t e r s  and two sp in /desp in  

t h r u s t e r s .  
w a l l  of t h e  Space S t a t i o n ,  b u t  t h e  ACS t h r u s t e r s  w i l l  b e  p a r a l l e l  
t o  t h e  w a l l  when i n  t h e  f i r i n g  p o s i t i o n .  
t h a t  a l low t h e  motors t o  b e  withdrawn f o r  f u e l  g r a i n  replacement 
o r  r e p a i r  are d i scussed  i n  t h e  nex t  subsec t ion .  

( f) 
The sp in /desp in  t h r u s t e r s  w i l l  be  pe rpend icu la r  t o  t h e  

Thrus t e r  pad des igns  

Two t h r u s t e r  pad des igns  t h a t  a l low a x i a l  motor refurbishment  
are shown i n  F ig .  111-27. The extended-pad approach would use  a 
s t r eaml ined  r a i s e d  t h r u s t e r  pad extending 102 t o  152 m ( 4  t o  6 
i n . )  beyond t h e  w a l l  of t h e  Space  S t a t i o n .  The indented  pad ap- 
proach would main ta in  t h e  o r i g i n a l  Space S t a t i o n  o u t e r  d iameter ,  
b u t  would provide  depressed p la t forms  o r  s l o t s  t o  extend t h e  r o l l -  
yaw t h r u s t e r s .  
by u s i n g  a canted  forward s l o t .  Contamination of t h e  Space S t a t i o n  
from t h e  exhaust  gases  could be a problem wi th  t h i s  indented-pad 
approach e 

This  des ign  could be adapted f o r  e i g h t  ACS motors 

The nozz le s  can be can ted ,  i n  e i t h e r  approach, t o  minimize 
contaminat ion.  
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2 .  Motor Refurbishment and Fuel Grain Replacement Concepts 

Fuel  g r a i n  replacement i s  t h e  primary scheduled maintenance 
task f o r  a hybr id  ACS. The re fo re ,  an a t t ract ive des ign  must ' 
f e a t u r e  a s imple means t o  r e p l a c e  f u e l  g r a i n s  and r e f u r b i s h  o r  

' 

r e p l a c e  t h e  motor assembly as needed. The fo l lowing  g r o u n d ' r u l e s  
were used i n  developing motor refurbishment  concepts :  1 ,  

Any des ign  t h a t  r e q u i r e s  EVA as p a r t  of e i t h e r  sched- 
u l ed  maintenance o r  emergency r e p a i r s  i s  undes i r ab le ;  

Designs t h a t  r e q u i r e  a p r e s s u r i z e d  compartment and 
i n t r a v e h i c u l a r  a c t i v i t y  (IVA) f o r  emergency r e p a i r s  
( i a e a ,  replacement of seals) must b e  eva lua ted  i n  
terms of t h e  inc reased  maintenance requi rements  they 
p r e s e n t ;  

I d e a l l y ,  a l l  components should be  a c c e s s i b l e  t o  
personnel  working i n  a s h i r t - s l e e v e  environment;  

During launch ,  t h e  TCAs should be l o c a t e d  i n s i d e  t h e  
Space S t a t i o n  o r  i n  s t reaml ined  p r o t e c t i v e  f a i r i n g s  
on t h e  o u t s i d e .  

a .  Movable Tube Concept - The movable tube  concept shown i n  
F ig .  III-'28 a l lows  t h e  complete TCA t o  b e  extended and r e t r a c t e d  
pe rpend icu la r  t o  t h e  w a l l  of t h e  Space S t a t i o n .  The TCA i n  t h i s  
cand ida te  des ign  c o n s i s t s  of t h r e e  major p a r t s :  a motor case and 
nozz le  assembly, a car t r idge- loaded  f u e l  g r a i n ,  and a forward 
c l o s u r e  assembly, which i n c l u d e s  t h e  i n j e c t o r ,  i g n i t i o n  system, 
o x i d i z e r  shu to f f  valve, and e l e c t r i c a l  c o n t r o l s .  The motor case 
extends  through t h e  w a l l  of t h e  Space S t a t i o n  and i s  he ld  i n  place 
wi th  a f l a n g e  s e a l e d  by an O-ring. 
L101.35 kN/m2 (14,7 p s i a ) ]  a c t i n g  on the forward c l o s u r e  r e s u l t 3  i-n 
a f o r c e  t h a t  exceeds t h e  motor t h r u s t ,  camlock s a f e t y  latches are 
provided t o  hold  t h e  motor s e c u r e l y  i n  p l ace .  
r e q u i r e s  replacement ,  t h e  o x i d i z e r  and e lec t r ica l  c o n t r o l  l i n e s  
are d isconnec ted  from t h e  forward c l o s u r e  and t h e  s a f e t y  l a t c h e s  
are r e l e a s e d  

Although the cabi-n p r e s s u r e  

When t h e  f u e l  g r a i n  

A thin-wal led motor re furb ishment  con ta ine r  (MRC), de- 
s igned  f o r  a 101  * 35-kN/m2 (14 ./ 7-psia) e x t e r n a l  p r e s s u r e  
i n t o  p l a c e  over  t h e  motor w i th  a bayonet f i t t i n g  s e a l e d  by an . 
O-ring. The p r e s s u r e  i n s i d e  t h e  MRC i s  vented  t o  space ,  and t h e  
TCA i s  r e t r a c t e d  i n t o  t h e  MRC us ing  a mechanical method, such as 
having a t r a v e l l i n g  nu t  on a b a l l  screw o r  u s i n g  a c l o t h e s  l i n e  

is  -snapped 



111-44 

0 Disconnect Lines 
and Attach Motor 
Refurbishment 
Container (MRC) 

Retract Motor and 
Replace Fuel Grain 

0 Secure Forward 
and MRC Hatch 

.Open Outer Door 

c1 

n 

B1 as t  Shield 

e Extend Motor 
0Remove MRC 
0 Connect Lines 
@Ins ta l l  Short  

Blast Shield os u re 

A1 ternative Nozzle 1 

Detail A-A 

Fig. 111-28 Movable Tube Concept 



MCR-71-11 (Vol 11) 111-45 

d e s i g n  opera ted  by a hand crank.  
an o u t e r  door i s  r o l l e d  i n t o  p l a c e  and t h e  MRC i s  r e p r e s s u r i z e d .  
The MRC has  a hinged door t h a t  can be  opened t o  expose t h e  motor. 
A t  t h i s  p o i n t ,  t h e  forward c l o s u r e  can b e  removed t o  r e p l a c e  t h e  
f u e l  g r a i n ,  o r  t h e  e n t i r e  TCA can be removed f o r  i n s p e c t i o n  o r  
replacement .  Motor ex tens ion  fo l lows  t h e  same p rocess  i n  reverse. 
One o r  two MRCs would be s u f f i c i e n t  f o r  t h e  e n t i r e  hybrid system. 

Once t h e  TCA has  been withdrawn, 

The movable concept ma in ta ins  a s h i r t - s l e e v e  environment 
f o r  a l l  TCA maintenance and r e p a i r  o p e r a t i o n s .  

There are f i v e  primary s e a l s ,  a l l  e a s i l y  r e p l a c e a b l e .  
None are exposed t o  vacuum c o n d i t i o n s ,  low ( o r  h igh)  tempera tures ,  
o r  s o l a r  r a d i a t i o n .  The two seals on t h e  MRC may be  r ep laced  a t  
any t i m e .  
The o u t e r  door can  be in spec ted  and t h e  seal can be r ep laced  by 
removing a bol t -on  cover .  

The motor s e a l s  can be rep laced  by r e t r a c t i n g  t h e  motor. 

The movable tube concept  can be  adapted t o  a canted  
nozz le  by us ing  an e l l i p t i c a l  MRC.  
motors t o  b e  extended i n  t h e  same manner as t h e  sp in /desp in  motors.  

no t  p re sen t  a problem. 

Th i s  would a l low t h e  16 ACS 

The moment genera ted  by t h e  222-N b a s e l i n e  t h r u s t  should 

b .  P a r a l l e l  T rans fe r  Concept - The t r a n s f e r  concept shown i n  
F ig .  111-29 a l lows  t h e  motor t o  be moved p a r a l l e l  t o  t h e  w a l l  of 
t h e  Space S t a t i o n  and keeps t h e  motor completely o u t s i d e  t h e  Space  
S t a t i o n  dur ing  ope ra t ion .  The motor rests on a movable p l a t fo rm 
supported by f o u r  j a c k s .  The motor i s  r e t r a c t e d  by lowering t h e  
p l a t fo rm about  152 mm (6 i n . ) ,  r o t a t i n g  i t  180 deg, and r e t u r n i n g  
i t  t o  i t s  o r i g i n a l  p o s i t i o n .  Once i n s i d e ,  t h e  compartment can  be 
p r e s s u r i z e d  and t h e  motor can be reached through an access ha tch .  
A window could be provided a t  t h e  oppos i t e  end of t h e  chamber t o  
p e r m i t  v i s u a l  i n s p e c t i o n  of t h e  case and nozz le  wi thout  removing 
t h e  motor 

This  p a r a l l e l  t r a n s f e r  concept could e a s i l y  b e  adapted t o  
a p a i r  of motors -- one on l i n e  and t h e  o t h e r  one checked o u t  and 
ready f o r  f i r i n g .  
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c .  Nozzle Cap Approach - The nozz le  cap approach, shown i n  
F i g .  111-30, p rov ides  an  extremely s imple  method f o r  f u e l  g r a i n  
replacement o r  motor r e p a i r ,  Before r e p l a c i n g  a f u e l  g r a i n ,  t h e  
nozz le  cap i s  ex tended ,  r o t a t e d ,  and r e t r a c t e d  over  t h e  n o z z l e .  
T h i s  p r e v e n t s  c a b i n  atmosphere from l e a k i n g  t o  space  w h i l e  t h e  
forward c l o s u r e  i s  removed t o  r e p l a c e  a f u e l  g r a i n .  A s i n g l e  
n o z z l e  cap could be used t o  s e r v i c e  a p a i r  of ACS motors ,  I f  t h e  
motor cap seals r e q u i r e  rep lacement ,  t h e  TCA p a l l e t  [which i s  less 
than  30.5 cm (1 f t )  squa re ]  can be removed and r ep laced  by depres- 
s u r i z i n g  t h e  compartment where t h e  ACS t h r u s t e r  pad i s  l o c a t e d .  

d .  E x t e r n a l  Cover Concept - The e x t e r n a l  cover concept shown 
i n  F i g .  111-31 a l lows  t h e  e n t i r e  motor assembly t o  be withdrawn 
wi thou t  t h e  use  of suppor t  equipment. The motor assembly rests on 
a p a l l e t  t h a t  can be e a s i l y  r e t r a c t e d  i n s i d e  t h e  Space S t a t i o n  f o r  
r e p l a c i n g  g r a i n s ,  r e p a i r i n g  t h e  motor,  o r  i n s p e c t i o n .  Before re- 
t r a c t i n g  t h e  motor,  an  e x t e r n a l  cover  i s  r o t a t e d  i n t o  p o s i t i o n  and 
clamped down, and t h e  volume i n s i d e  t h e  cover  i s  p r e s s u r i z e d .  I f  
any of t h e  e x t e r n a l  seals r e q u i r e  replacement dur ing  t h e  l i f e  of 
t h e  Space S t a t i o n ,  t h e  cover assembly can be  r e t r a c t e d  i n s i d e  t h e  
Space S t a t i o n  by d e p r e s s u r i z i n g  t h a t  compartment. 

e .  E x t e r n a l  Clamshell  Approach - The e x t e r n a l  c l amshe l l  ap- 
proach ,  shown i n  F ig .  111-32, a l lows  t h e  motor assembly t o  be 
r e t r a c t e d  wi thou t  u s ing  i n t e r n a l  suppor t  equipment and i s  similar 
t o  t h e  n o z z l e  cap approach. However, t h e  external c l amshe l l  ap- 
proach a l lows  t h e  e n t i r e  motor case t o  ex tend  o u t s i d e  t h e  Space 
S t a t i o n .  Motor r e t r a c t i o n  i s  accomplished by r o t a t i n g  s h u t  two 
e x t e r n a l  c l amshe l l  doors  around t h e  motor. A l ock  rod  i s  then  
extended between t h e  doors  t o  hold  them s h u t  when t h e  c l amshe l l  
i s  e x t e r n a l l y  p r e s s u r i z e d  w i t h  cab in  a i r .  The forward c l o s u r e  can 
t h e n  be  removed f o r  g r a i n  rep lacement ,  o r  t h e  e n t i r e  TCA can  be 
r e t r a c t e d  i n s i d e  t h e  Space S t a t i o n .  

3. ACS Motor Forward Closure Retention Concepts 

S ince  f u e l  g r a i n  replacement i s  t h e  most f r e q u e n t  hybr id  
maintenance t a s k ,  t h e  motor forward c l o s u r e  should be e a s i l y  re- 
movable, y e t  p rov ide  a s a f e ,  r e l i a b l e  seal .  I n  a d d i t i o n ,  t h e  
forward c l o s u r e  should be  designed t o  be  q u i c k l y  and simply removed 
by one man wi thou t  s p e c i a l  power t o o l i n g .  
t h e  forward c l o s u r e  must be s e c u r e l y  h e l d  i n  p l a c e  so  t h e r e  i s  no 
p o s s i b i l i t y  of having i t  become de tached .  

During motor o p e r a t i o n ,  
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a. Snap Ring Connection - A snap ring connection (Fig. III- 
33) is one of the simplest and most reliable forward closure at- 
tachment concepts. The forward closure has four snap ring 
restraints to hold the snap ring to the removed forward closure. 
This increases crew safety during attachment or removal of the 
forward closure. The snap ring design requires a simple tool. 
Since no external torques are required, this design should be easy 
to use in a weightless environment. 

b. Double Bayonet Flang,e Connection - The double bayonet 
flange connection (Fig. 111-34) uses a simple tool to translate 
linear motion to rotary motion. The rotary motion engages a bayo- 
net fitting that holds the forward closure to the motor case. The 
tool is held to the motor case by another bayonet fitting, and 
will not release unless the forward closure is correctly installed. 

c. Bayonet Screw Connection - The bayonet screw connection 
(Fig. 111-35) features a double lock mechanism that provides maxi- 
mum safety, along with ease of operation. The counterclockwise 
bayonet flange holds the forward closure in place while the clo- 
sure is screwed clockwise against the motor case flange using 
the bayonet flange to generate the necessary torque. This design 
provides a double seal and lock because both the screw fitting and 
the bayonet connection must be released to unseal and remove the 
forward closure assembly. 

d. Pin Connection - The forward closure is attached and held 
to the motor case by four radial pins (Fig. 111-36). A strap, 
wire, or tape-retention design holds the pins in place. This de- 
sign offers a simple method of attaching the forward closure with 
the least amount of physical effort. Because no external torques 
are required, this design would be easy to use in a weightless 
environment. 

e. Bolted Flange - The forward closure is held to the motor 
case by four bolts (Fig. 111-37). Simple hand tools, such as a 
ratchet socket wrench, are used to assemble the closure to the 
case. 

f. Additional Attachment Concepts - A variety of additional 
attachment concepts are shown in Fig. 111-38. These include a 
standard snap ring, a rotating camlock with an extending shaft that 
locks the cam in a closed or open position, a screw-tightened hand 
knob, a snap ring held in place with a C02 expanding tube, a 
suitcase-type latch, and an Ortman key. Several of these concepts, 
although shown with a screwed-on closure, could also be used with 
a hinged forward closure. 
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Locked Posit ion ' Unlocked Posit ion 
A o f  Snap Ring o f  Snap Ring  

Section A-A 

Fig .  111-33 Snap Ring Connection 

Closure I n s t a l l a t i o n  & 
.' Removal Tool 

Rack & Pinion 
Gearing t o  Flange i s  Ramped. As 
Convert Trans1 at ion 
Motion t o  Rotary 
Motion 

I!- Double Bayonet Ring 

the Bayonet Ring i s  Turned, 
the Closure t o  Case 0-Ring 
i s  seated By the Force 
o f  the  Ring on the Closure 
& Case Flanges. 

F ig .  111-34 Double Bayonet Flange Connection 
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A ?  

A-J Section A-A 

P i n  Lock Wire 

A J  

A ”  

Section A-A 

Section A-A 

F i g .  111-36 Forward Closure/Case P i n  Attachment Concepts 
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su i t case  Latch Ortman' (Lockwire) Key 

-- 

Screw o r  Bayonet Closed & Locked 
F1 ange Pos i t i  on 

Fig. 111-38 Additional Attachment Concepts 
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4. Candidate Igni t ion Concepts 

The i n i t i a t i o n  of hybr id  combustion can be  achieved by a num- 
b e r  of means. The i g n i t e r  must be  s a f e ,  r e l i a b l e ,  and as mainte- 
nance-free as p o s s i b l e .  Although t h e  primary o x i d i z e r s  -- GOX and 
H202 -- are n o t  hype rgo l i c  w i th  t h e  f u e l s  cons idered ,  they  are, 
n e v e r t h e l e s s ,  r e l a t i v e l y  easy  t o  i g n i t e .  Several i g n i t i o n  con- 
c e p t s  are shown i n  F ig .  111-39. 

a. Spa rk - In i t i a t ed  Precombustor - During i g n i t i o n ,  a s m a l l  
p o r t i o n  ( ' ~ 5 % )  of  t h e  o x i d i z e r  f low i s  passed through a min ia tu re  
f u e l  g r a i n  precombustor w i th  e l e c t r o d e s  a t  each end. A spa rk  i s  
i n i t i a t e d  between t h e s e  e l e c t r o d e s  t o  i g n i t e  t h e  precombustor.  
For 0.100 t o  0.200 sec, t h e  h o t ,  f u e l - r i c h  precombustor gases  are 
i n j e c t e d  around t h e  main o x i d i z e r  stream i n t o  t h e  motor chamber t o  
i n i t i a t e  hybr id  combustion. The secondary o x i d i z e r  f low i s  then  
s h u t  o f f  and t h e  precombustor i s  ex t ingu i shed .  

b .  E l e c t r i c a l l y  Heated Oxid izer  - Hypergol ic  i g n i t i o n  can be 
achieved by e l e c t r i c a l l y  hea t ing  t h e  o x i d i z e r .  This  r e q u i r e s  a 
r e l a t i v e l y  h igh  power level ,  b u t  a s h o r t  d u r a t i o n  ( e ,g . ,  0 .1  sec), 
so  t o t a l  energy requi rements  are r e l a t i v e l y  low (%5 Btu) .  The 
temperature  rise a t  t h e  o x i d i z e r  reduces  t h e  i n j e c t o r  mass f low 
and f a c i l i t a t e s  a smooth i g n i t i o n  t r a n s i e n t ,  

c. Pyrogen Hot G a s  I g n i t e r  - For miss ions  t h a t  r e q u i r e  one o r  

The i g n i t e r  
on ly  a few motor i g n i t i o n s  p e r  f u e l  g r a i n ,  a s imple ,  s ing le - sho t ,  
pyrogen-type i g n i t e r  could be  an a t t r a c t i v e  s o l u t i o n .  
would supply h o t ,  f u e l - r i c h  gases  t o  burn w i t h  t h e  o x i d i z e r ,  and 
would n o t  a t t empt  t o  h e a t  t h e  f u e l  g r a i n .  
i n j e c t e d  d i r e c t l y  i n t o  t h e  motor chamber, as shown, o r  i n t Q  a 
precombustor upstream of t h e  i g n i t e r ,  

The pyrogen could be  

d. Butane Spa rk - In i t i a t ed  Precombustor - Sparked butane  i g n i t -  
ers have been used on several small hybr id  motors w i th  complete 
success .  A t r i p  swi tch  i s  used t o  i n j e c t  a measured amount of 
butane (e.g. ,  20% of t h e  o x i d i z e r  f low f o r  0.050 s e c )  i n t o  a pre-  
combustor. The mixture  i s  then  sparked and t h e  ho t  gases  are 
i n j e c t e d  i n t o  t h e  combustion chamber, where they  i n i t i a t e  hybr id  
combustion wi th  t h e  f u e l  g r a i n .  Th i s  des ign  has  proven t o  be 
completely s a f e  and extremely r e l i a b l e .  Tbe on ly  maintenance is 
p e r i o d i c  replenishment  of t h e  butane  supply .  This  i g n i t i o n  cpn- 
cep t  w a s  used on t h e  b a s e l i n e  des ign  wi th  one s l i g h t  modi f i  
Because each t h r u s t e r  pad ho lds  s i x  ACS motors ,  t h e  b a s e l i n e  des ign  
used a c e n t r a l i z e d  butane  supply and t r i p  swi t ch  assembly, r a t h e r  
than i n d i v i d u a l  u n i t s  on each motor,, 
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F i g ,  111-39 Candidate Igni t ion  Concepts 
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5. Fuel Grain Depletion Indicators  

Proper hybrid motor performance depends on maintaining the 
correct propellant flowrate and the correct O/F ratio. When the 
hybrid fuel grain regresses to the chamber wall, a part of the 
motor wall becomes exposed to the chamber gases; the resulting 
heat flux must either be conducted away or allowed to radiate to 
space. The chamber gas becomes increasingly oxidizer-rich. This 
reduces the delivered specific impulse, while causing a signifi- 
cant increase in the corrosivity of the combustion products in the 
aft closure and nozzle, often at a slightly higher temperature. 
Prolonged operation in this mode could lead to grain breakup and 
ejection of unburned pieces of fuel. Therefore, to maintain re- 
peatable motor performance and achieve extended motor life, the 
fuel grain must be replaced at or just prior to fuel depletion. 
Several methods can be used to determine when fuel is depleted. 

a .  Trip Wire - A fine mesh of wire can be imbedded in the 
fuel grain approximately 1 . 2 7  mm (0.050 in.) from the outside. 
When the fuel has regressed to this point, the wires will melt and 
reliably provide a l o s s  in continuity that can be used to signal 
motor shutdown, Several layers of wires could be used to provide 
a m~zasure of available total impulse (e.g., 50%, 90%, and 100%). 

OT 
0% 

b ,  - Since fuel burnout will occur over a period 
several seconds, due to slightly nonuniform regression, an array 
~ ~ W I ~ I O G Q ~ ~ P ~ E  on the motor case could be used to signal fuel de- 

ple$fon. 
functions, auch as measuring when the case had cooled sufficiently 
t e  retract, o r  monitoring temperatures in the aft closure or nozzle 
t~ detect hot  spats  that might lead to a burnthrough. 

These thermocouples could potentially serve additional 

- 

e ,  EKLapsed ---_al__. Time Meter . - An elapsed time meter would provide 
the simplest aeasur:~ sf available total impulse, and would probably 
be accurate t s  witkin 5% a t  'burnout. There will probably be criti- 
cal Ttlaneli'Vers, and it would bet necessary to know whether there is 
sufficient t o t a l  impulse to complete the maneuver with one motor or 
whether the altsrnative mator: will be needed to complete the maneu- 
ver * 

d ,  Psr€sraance Measurement Instruments - Performance indicators 
nu& 8s & m b m  premure, ox id ize r  injection pressure, and thrust 
CBII ka uned fa signal fuel depletion. 
sure and thrust at ta constant oxidizer supply pressure would indi- 
cate o€€-mfqrture ratio operation caused by fuel depletion. 
instrumentation c w l d  also be used to signal nozzle o r  aft closure 
burnthrwgh o r  throat erosion. 

A reduction in chamber pres- 

This 
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6.  Candidate  Grain Design Concepts 

Although t h e  des ign  model TCA uses  a conventiofiA1 hybr id  g r a i n ,  
several a l t e r n a t i v e s  may o f f e r  advantages i n  t e r m s  of maintenance, 
r e p a i r ,  and resupply .  

a. Mul t ip l e  Grain Motor - The minimum r e g r e s s i o n  rate,  which 
i s  equ iva len t  t o  the  minimum o x i d i z e r  f l u x ,  i s  t h e  pr imary f a c t o r  
t h a t  determines t h e  maximum t o t a l  impulse a t  a g iven  t h r u s t  level.  
F igure  I I I -40 (a )  shows a g r a i n  des ign  t h a t  n e a r l y  t r i p l e s  t h e  
maximum t o t a l  impulse over  a convent iona l  des ign .  
i n j e c t e d  consecut ive ly  i n t o  each p o r t  u n t i l  burnout  (as shown) o r  
i n t o  a l t e r n a t e  p o r t s  a f t e r  each burn.  T r i p  w i r e s  o r  some o t h e r  
g ra in -dep le t ion  i n d i c a t o r  could be  used t o  s i g n a l  f u e l  d e p l e t i o n  
i n  each p o r t  and prevent  i t s  r euse .  When t h e  f u e l  i n  a l l  p o r t s  
had been consumed, t h e  g r a i n  would be r ep laced .  Because t h e  maxi- 
mum area i n  each p o r t  i s  no g r e a t e r  t han  t h e  p o r t  area i n  a con- 
v e n t i o n a l  des ign ,  t h e  r e g r e s s i o n  rate w i l l  always be above t h e  
minimum. However, when one p o r t  i s  be ing  f i r e d  t h e r e  w i l l  be  some 
r e c i r c u l a t i o n  of h o t  gases  i n  t h e  o t h e r  two p o r t s .  This  w i l l  be  
most pronounced a t  one o r  two e f f e c t i v e  p o r t  d iameters  from t h e  a f t  
end,  and some cha r r ing  o r  me l t ing  of t h e  f u e l  can be expected i n  
t h i s  r eg ion .  Although tests would probably be r equ i r ed  t o  e s t ab -  
l i s h  t h e  s e v e r i t y  of t h i s  problem, t h e r e  are several p o s s i b l e  
des ign  mod i f i ca t ions  t h a t  would permi t  u s ing  a m u l t i p l e  g r a i n  ap- 
proach i f  t h e  r e s u l t i n g  sav ings  i n  maintenance made t h i s  approach 
worthwhile.  

Oxid izer  i s  

b .  Moving Fuel  Grain - A moving f u e l  g r a i n  TCA, similar ts 
t h e  one shown i n  Fig.  I I I -40 (b )  has  been developed and s u c c e s s f u l l y  
t e s t e d  a t  UTC. This  des ign  ma in ta ins  cons t an t  chamber geometry, 
cons t an t  G 

t h e  g r a i n .  
j e c t o r  a t  t h e  a f t  end. Both sha l low and s t e e p  c o n i c a l  f u e l  s u r -  
f a c e s  have been used. Gaseous o x i d i z e r  p r e s s u r i z e s  the  forward 
end of t h e  motor t o  between 69 and 103 kN/m2 (10 t o  15 p s i a )  above 
chamber p r e s s u r e ,  then  f lows down t h e  i n j e c t i o n  l i n e  and i s  in-  
j e c t e d  a t  t h e  a f t  end. 
a f t .  A s  t h e  g r a i n  moves, t h e  edges o f t e n  s o f t e n  and c u r l  i n t o  t h e  
f low stream. This  can l e a d  t o  small p i e c e s  of unburned f u e l  
s o l i d  carbon i n  t h e  exhaus t .  
i n t roduc ing  a secondary mixing chamber t o  i n c r e a s e  gas  residapce 
t i m e  

and h a s  a t o t a l  impulse l i m i t e d  only  by t h e  l e n g t h  o f  
0’ 

The o x i d i z e r  l i n e  ex tends  through t h e  g r a i n  t o  an in- 

A s  t h e  f u e l  r e g r e s s e s ,  t h e  g 

This  problem can be overcome by 
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V i r g i n  Grain 1 s t  Port Fired 2nd Port Fired Grain Consumed 

( a )  Multiple Grain - Single Motor 

Hi gh-Pressure 

Oxidizer 
Line 

( b )  Moving Fuel Grain 

- Note: The hybrid grain can be segmented 
without end burn ing .  
weight of the hybrid segments can 
be controlled f o r  easy handling 
and s torage.  

The s i z e  and 

(c)  Segmented Grains 

F i g ,  111-40 Candidate Grain Designs 
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c. Segmented Fuel Grains - Because hybrid fuel regression is 
a turbulent boundary-layer, convective heat-transfer phenomenon, 
small cracks or imperfections in the grain have no effect on motor 
ballistics. Therefore, hybrid grains can be laterally or even 
longitudinally segmented to facilitate handling, storage, and re- 
supply. This is shown in Fig. III-40(c). 

d. Waste Fuel Grains - The handling and disposal of wastes 
will present formidable design problems for a manned Space Station. 
Using wastes for fuel would provide a safe, useful means of dispos- 
al and substantially reduce the propellant resupply problem, even 
though it introduces a number of interfaces with other Space Sta- 
tion activities. Briefly, waste material would be collected and 
separated to remove metal and any biologically active ingredients. 
Then the raw waste fuel would be processed by shredding and mixing 
to create a uniform consistency. The waste fuel would then be 
cast or pressed into hybrid grains, inspected, and stored for 
future use. 

__- --- -___ - 

Several waste models have been presented for a manned 
Space Station, 
minimum (lower bound) level of waste generation and was selected 
f o r  this study. Semiannual waste generation for a 12-man Space 
Station would be at least 711 kg 1568 lb . About 1/3 of the 

wasre -- 231 kg 510 lb -- will consist of food containers, food 

scraps, waste paper, warn out clothing, and waste from the envi- 
ronmental control system. The remaining 480 kg 1058 lb 

human waste (feces and urine solids). To avoid a serious sanita- 
tian and crew acceptance problem, human wastes have not been 
considered for waste fuel grains. A chemical model using cellu- 
lose  and water was used to predict theoretical performance for a 
waste fuel/oxygen propellant system. 

The waste model shown in Table 111-4 represepts a 

( m) 

( m) 

m) is ( 

Figure 111-41 shows the 
ical vacuum specific impulse of GOX/cellulose and GOX/(50% 
se-50X H20) vs the O/F ratio. Although the addition of 

water eeems to have little effect on the fuel-rich part of the 
performanee curve, it substantially reduces the optimum O/P ratio 
and significantly lQwers the peak performance. Without special 

facilities the 50% cellulase-50% water fuel system seemed 
asible, based on the selected waste model. Although 

efficient combustion may be difficult to achieve with this formu- 
l a t i o n ,  an oxygedwaste system could deliver an I 

- 
of 247 sec 

SD 
- J .  

at O/F = 0,6, E = 60,0, and P 
a 90% I 

= 689 kN/m2 (100 psia), assuming 
C 

SP 
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Tab1 e I 11-4 Waste Model. f o r  Manned Space S ta t ion  

ITEM 
Biological Wastes 

Feces (sol i d )  
Urine ( s o l i d )  

Environmental Control 81 
Water Recovery Wastes 

Wicks 
C harcoal 
Compl @ x i  ng Agents 
Wash Water Charcoal 
Ion Exchange Resin 
Mi 11 i pare F i  9 ters 

Other (Food Containers ?I Waste 
Paperp Food Scraps, & Worn 
ou t  c1 o t h i  ng ) 

Total Nonbiological 

TOTAL 

WEIGHT FOR 6 
M E N  FOR 

l b  

183.5 
81.0 

14.6 
8.9 

11.3 
8.6 
2.2 
1.0 

81.0 
127.6 

392.1 

30 DAYS 
kg 

83 
37 

7.5 
4 
5 
4 
1 

0.5 

37 
59 

179 

WEIGHT FOR 12 
M E N  FOR 

l b  

734.0 
324.0 

58.4 
35.6 
45.2 
34.4 
8.8 
4.0 

324.0 
510.4 

1568.4 

.80 DAYS 
kg 

333 
147 

26 
16 
21 
16 
4 
2 

147 
2 32 

7 12 
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\ GOX/(50% Cellulose - 50% H20) 

O/F R a t i o  

F i g e  111-41 Performance o f  Waste M a t e r i a l  as H y b r i d  Fuel - T h e o r e t i c a l  
Vacuum S p e c i f i c  Impulse vs Ox id i ze r /Fue l  R a t i o  



MCR-71-11 ( V O I  11) 111-65 

Development work will be required to demonstrate desir- 
able ballistic characteristics with waste fuel grains. Waste 
grains should have reasonably uniform regression characteristics 
to ensure reproducibility and minimize fuel grain reprocessing. 
Reasonable combustion efficiency will be required to achieve 
desired performance and clean exhaust characteristics. 
low minimum regression rates would be desirable to increase total 
impulse between grain changes. Although extensive testing will 
be required to demonstrate these desired ballistic characteristics, 
there are no known technical reasons why these properties could 
not be attained. 

Finally, 

Hybrid combustion of waste can potentially satisfy Space 
Station auxiliary propulsion requirements and dramatically reduce 
resupply requirements. However, considerable development work 
will be required on the processing of waste fuel grains and the 
operation of waste fuel motors. In addition, a detailed analysis 
should be performed to identify and evaluate the human and facility 
interfaces between waste management and auxiliary propulsion. 
That task is beyond the scope of this study. 
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E. SPIN/DESPIN REQUIREMENTS 

A f t e r  e v a l u a t i n g  t h e  sp in /desp in  requi rements ,  i t  w a s  con- 
c luded t h a t  t h e  p ropu l s ion  requirements  f o r  s p i n l d e s p i n  are 
fundamental ly  d i f f e r e n t  from those  f o r  normal a t t i t u d e  c o n t r o l ,  
and an a t tempt  t o  perform bo th  func t ions  wi th  one motor would 
r e s u l t  i n  a dec idedly  nonoptimum des ign .  

The proposed a u x i l i a r y  p ropu l s ion  requirements  were shown 
i n  Table  11-1. The APS impulse r equ i r ed  f o r  t h e  10-year miss ion  
i s  6.90 x l o 6  N-se; -(f.5295 x l o 6  lbf -sec  . The proposed two 

t h r u s t e r  pads each c a r r y  e i g h t  222-N (50-lbf) motors.  Using 

GOX/(PMM/PBD) a t  483 t o  689 kN/m2 (70 t o  100 p s i a )  t h e s e  16 motors 

t h e  10-year APS requirements)  b e f o r e  replacement .  

1 -__, - 

could d e l i v e r  1,423,430 N-sec 

are i n o p e r a t i v e  f o r  t h e  f i r s t  90 

320,000 lb f - sec  ( o r  16  t o  24% of ) 
I f  t h e  CMGs 

t h e  impulse requi rements  
J c a n d  f u e l  g r a i n s  would average  17,215 N-sec (3870 

have t o  b e  r ep laced  every 5 days du r ing  t h i s  p e r i o d .  However, 
du r ing  t h e  remaining 9-3/4 y e a r s ,  t h e  impulse requirements  only 
average  42,890 'N-sec (9642 lb f - sec  

p l a c i n g  a f u e l  g r a i n  every 2 months. This  i s  an a c c e p t a b l e  re- 

_ ~ _ _ _ _ _ ~ -  - 

month, which would r e q u i r e  re- ) /  
placement appears  t h a t  t h e  t o t a l  impulse capa- 

hybr id  is  s u i t e d  f o r  t h e  proposed 

a t t i t u d e  con t ro l  f u n c t i o n s .  

Sp in ldesp in  motor o p e r a t i o n  i s  s i g n i f i c a n t l y  d i f f e r e n t  frQm 
ACS opera t ion .  
over  B per iod  of a few hour s .  The re fo re ,  t h e  sp inup  motor w i l l  
o p e r a t e  e i t h e r  i n  several long p u l s e s  t h a t  are r e l a t i v e l y  c l o s e  
t o g e t h c r  8r i n  a s i n g l e  burn.  
frx the f irst  18 months, After t h a t  t i m e ,  they  only. t ake  up 
v a l u a b l e  space and should  b e  removed. 

A spinup-to-despin maneuver w i l l  b e  conducted 

These motors are only  r e q u i r e d  

The s p i n s / d e s p i n s  are impor tan t  maneuvers and may r e q u i r e  
b l e  a t t e n t i o n  by t h e  crew. There fo re ,  e x c e s s i v e  APS 

uirements  are undes i r ab le .  The 222-N 50 l b  

ACS motor,  whwe impulse c a p a b i l i t y  is  i d e a l l y  s u i t e d  t o  t h e  
a t t i t u d e  c o n t r o l  miss ion ,  is  nonoptimum f o r  t h e  s p i n l d e s p i n  
maneuvers. A spinup o r  desp in  r e q u i r e s  3,105,080 N-sec 
(698,050 lbf-sec)  o f  t o t a l  impulse,  which is  e q u i v a l e n t  t o  

a b w t  t h i r t y - f i v e  222-N 50-lb motor g r a i n s .  F i r i n g  and 

r e p l a c i n g  35 g r a i n s  i n  4 h r  i s  an unacceptab le  maintenance 
requirement  e 

( - f )  

( f )  
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A p a i r  of motors designed f o r  s p i n l d e s p i n  could perform t h i s  
t a s k  as e f f i c i e n t l y  as t h e  ACS motors perform t h e i r s .  A minimum- 
maintenance des ign  would u s e  two 1423-N 320-lb t h r u s t  motors 

w i th  1,556,877 N-sec 350,000 lb f - sec  of t o t a l  impulse.  These 

motors could b e  loaded and checked o u t  days o r  weeks b e f o r e  a 
sp in /desp in  maneuver. Together ,  they would provide  t h e  r e q u i r e d  
31.1 x l o 5  N-sec (7 x l o 5  l b  -sec and would e l i m i n a t e  r e p l a c i n g  

f u e l  g r a i n s  du r ing  t h e  maneuver. The f u e l  g r a i n s  f o r  t h e s e  motors 
would b e  889 mm (35 in . )  long ,  462 mm (18.2) i n  d iameter ,  and 
weigh 1 4 1  kg 

(39-lbm) segments. 

each d e l i v e r i n g  1,036,435 N-sec (233,000 lbf -sec)  w i t h  t h e  

f u e l  g r a i n s  d iv ided  i n t o  f i v e  18-kg 40-lb segments.  I n  t h i s  

des ign ,  a f t e r  t h e  f i r s t  motor w a s  f i r e d ,  i t s  g r a i n  would b e  re- 
p laced  wh i l e  t h e  second motor w a s  f i r e d .  The f i r s t  motor would 
then b e  r e f i r e d  t o  complete t h e  s p i d d e s p i n  maneuver. 

( f 

( ) 

f )  

i f  they were segmented i n t o  e i g h t  18-kg 
(310 I b m )  I 

An alternative des ign  would u s e  two 1070-N 240-lb motors ,  ( f ) 

( m )  

E i t h e r  design could b e  r e fu rb i shed  by t h e  p o r t a b l e  tube ap- 
proach o r  t h e  nozz le  cap approach. 
spin/deepin motors and s p a r e s  could b e  r e t u r n e d  t o  e a r t h .  

A f t e r  18 months, a l l  t h e  

F. OXIDIZER AND PRESSURANT CCNSIDERATIONS 

The s t u d y  Q €  t h e o r e t i c a l  p r o p e l l a n t  performance cons idered  
GOX, €3282, NTO, CPF, and PF as t h e  o x i d i z e r s .  I n  most propul-  
eian studies,  performance i o  o f  major importance i n  s e l e c t i n g  
m n d i d a t e  p r g p e l l a n t s .  I n  t h i s  s tudy ,  t h e  most important  f a c t o r s  
i n  s d e c f i n g  ghe o x i d i z e r  ware: 

1) Corros iveness  ; 

2) T o x i c i t y ;  

3) S a f e t y .  

Because t h e  miss ion  o f  i n t e r e s t  is manned and t h e  o x i d i z e r  
may b e  handled many t i m e s ,  t h e  o x i d i z e r  must b e  noncor ros ive ,  
nontoxic ,  and s a f e  du r ing  hand l ing  and s t o r a g e .  Th i s  l a t t e r  
requirement  imp l i e s  t h a t  the o x i d i z e r  must b e  nonflammable and 
i n s e n s i t i v e  t o  mgchanical shock. An e v a l u a t i o n  of t h e s e  o x i d i z e r s  
i s  presenfed  i n  Tabie 111--.5* 
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The o x i d i z e r s  t h a t  b e s t  s a t i s f y  t h e  requirement  f o r  low cor- 
ro s iveness  are LOX, NTO, and PF. Those s a t i s f y i n g  t h e  r equ i r e -  
ment f o r  n o n t o x i c i t y  o r  mild t o x i c i t y  are LOX and H 2 0 2 .  
o x i d i z e r s  t h a t  meet t h e  cr i ter ia  f o r  s a f e t y  i n  handl ing  and s t o r -  
age are  LOX, NTO, H202 ,  and CPF. 

The 

Table  111-6 ranks t h e  o x i d i z e r s  t h a t  f u l f i l l  t h e  ma jo r i ty  
of l i s t e d  requi rements .  

Table 111-6 Summary of Oxidizer Evaluation 

OXIDIZER NO. O F  CHARACTERISTICS SATISFIED 
L i q u i d  Oxygen 3 
Hydrogen Peroxide 2 
Nitrogen Tetroxide 2 
Perch1 oryl F1 uori de 1 
Chlorine Pentafluoride 1 

The fo l lowing  c o n s i d e r a t i o n s  are p e r t i n e n t  f o r  t h e  l ead ing  
The equipment f o r  LOX is  a v a i l a b l e  and i t  may f o u r  o x i d i z e r s .  

b e  p o s s i b l e  t o  combine i t  wi th  t h e  environmental  l i f e  support: 
system; however, s t o r a g e  can be  a problem i f  l i q u i d  oxygen i s  
used "only" f o r  t h e  APS. The main problem w i t h  H202 is t h a t  few 
materials can b e  used w i t h  i t  wi thou t  co r rod ing  dur ing  long-term 
miss ions .  Ni t rogen  t e t r o x i d e  can have t o x i c i t y  problems. Thus, 
LOX and H202 appear  most a t t r a c t i v e  as t h e  cand ida te s  €o r  t h e  
o x i d i z e r  e 

* 
Most metals are n o t  chemical ly  a f f e c t e d  by LOX. One excep- 

t i o n  i s  t i t an ium,  which can enter i n t o  exp los ive  r e a c t i o n s  w i t h  
l i q u i d  oxygen under cond i t ions  of s u f f i c i e n t  impact ,  C e r t a i n  
nonmetals r e a c t  v i o l e n t l y  i n  t h e  presence  of GOX and should b e  
avoided.  Nylon i s  one of t h e s e  materials. Table  111-7 p r e s e n t s  
t h e  material c o m p a t i b i l i t y  of va r ious  components w i th  LOX. 

* 
Theodore Baune i s t e r :  Standard Handbook for) Mechanical 

Engineers. M c G r a w - H i l l  Book Co, Inc ,  New York, New York, 1967, 

Glen W ,  Howell and Ter ry  M, Weathers: Aerospace Fluid 
Component Designers Handbook. 
C a l i f o r n i a ,  1967. 

C lea r ing  House, Redondo Beach, 

Heinz H ,  Koel le :  Handbook of AstronautieaZ Engineering. 
McGraw-Hill Book Co, I n c ,  New York, New York, 1961, 



MCR-71-11 (bo1 11) 

Table 111-7 Material Compatibility with L i q u i d  Oxygen 

COMPONENT 
Valve Bodies 

Springs 

Stems 

Bel 1 ows 

Bea ri ngs 
Val v i  ng U n i  ts  (Seats 
& Poppets) 
Packing 
Lubricants 

Bol ts ,  Nuts, & Screws 

Thread Sealants & 
Anti s i  eae Compounds 
Coatings 
B i  aphragrns 

COMPATIBLE MATERIALS 
Sta in less  S tee l s  304, 310, 316, 3231, 81 
347; K-Monel ; Hastal loy B; A1 urninurn 

5052, 5086, 356-T6, & 6061; Alloy Steel  

S ta in less  S tee l s  321 & 347; Alloy Steel  
A-286; K-Monel ; Inconel ; Inconel-X 
Sta in less  S tee l s  321 & 347; Alloy 
Steel A-286; Haynes No. 25; Inconel-X 
Sta in less  S tee l s  304, 321, & 347; 
K-Monel ; Inconel - X  
S ta in less  S tee l s  440C & 52100 
Sta in less  S tee l s  321 & 347; Teflon; 
Kel-F; Aluminum 1100 
Teflon, Kel -F 
Teflon Coatings & Molybdenum Disulf ide;  
Halogenated Oils  May Be Used f o r  
Instal  l a t i on  Only 
S ta in less  S tee l s  321 & 347; Alloy 
Steel  A-286; Inconel - X  
LOX-Safe 

A1 lays 2014-T6, 6061-T6 545614-24 5154 

N- 155 

Chromi urn, N i  ckel Anodi ze (alumi num) 
S ta in less  S tee l s  321 & 347; Teflon; 
Beryl 1 i urn Copper My1 a r  
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Tantalum, zirconium, and aluminum and some of i t s  a l l o y s  are 
t h e  metals cons idered  compatible  f o r  long-term c o n t a c t  w i th  H202. 
S t a i n l e s s  steels and n i c k e l  are a l s o  s a t i s f a c t o r y  f o r  many com- 
ponent a p p l i c a t i o n s  where long-term cont inuous exposure i s  n o t  a 
requi rement .  F l u o r i n a t e d  polymers,  i n c l u d i n g  Te f lon ,  Kel-F, and 
Vi ton ,  are compatible  nonmetals.  Table  111-8 shows t h e  material  
c o m p a t i b i l i t y  of v a r i o u s  components w i t h  H202. 

2 .  Pressurant Consideration 

P r e s s u r a n t s  were a l s o  eva lua ted  i n  t h e  event  a p r e s s u r i z e d  
f eed  system w a s  going t o  b e  used. Primary f a c t o r s  impor tan t  i n  
s e l e c t i n g  t h e  p r e s s u r a n t  were: 

1 )  Compa t ib i l i t y  w i th  t h e  o x i d i z e r ;  

2 )  T o x i c i t y ;  

3) Condens i b  les ; 

4 )  A v a i l a b i l i t y .  

The cand ida te  p r e s s u r a n t s  t h a t  were cons idered  and t h e i r  
c h a r a c t e r i s t i c s  are shwwn i n  Table  111-9. For  resupply  and re- 
pair purposes ,  t h e  g r e s s u r a n t  should b e  compatible  w i t h  t h e  ox- 
i d i z e r  and non tox ic ;  as shwwn i n  Table  111-9, t h e  p r e s s u r a n t s  
s a t i s f y i n g  t h e s e  requi rements  are hel ium, neon, n i t r o g e n ,  a i r ,  
a rgan ,  krypton and xenon, Economics d i c t a t e  t h a t  t h e  p re s su r -  
ant; be  a v a i l a b l e  and low-cost: p r e s s u r a n t s  s a t i s f y i n g  t h i s  re- 
quirement are hel ium, n i t r o g e n ,  and a i r .  I n  a d d i t i o n ,  t h e  pres -  
slarant should nn t  have any c m d e n s i b l e s ,  which e l i m i n a t e s  a i r .  

Helium i s  t h e  only  low-molscule-weight gas  s u i t a b l e  f o r  a l l  
prQpellkWtS under a l l  condit; ians.  Nitrogen is  compatible wi th  
a l l  p r o p e l l a n t s ,  b u t  i t  is  salable i n  low-temperature p r o p e l l a n t s  
nuch as l i q u i d  f l w r i n e  and LOX. 
ing of the pressurants. 

Table  111-10 p r e s e n t s  a rank- 
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Table 111-8 Material Compatibility W i t h  Hydrogen Peroxide 

COMPONENT 

Valve Bodies 

S p r i n g s  

Stems 

Bel 1 ows 

Bearings 

Val v i  ng Uni  ts  (Seats 
& Poppets) 

Seals 

Packi ng 

Lubricants 

Threaded Sealants & 
Antisieze Compounds 

Coati ngs 

Diaphragms 

COMPATIBLE MATERIALS 

Sta in less  S tee ls  304, 304 E L C ,  316, 
321, & 347; Aluminum Alloys 1060, 1260, 
5052, 5652, 6061, & 8-356; Titanium 

Sta in less  Steels  302, 304, & 17-7 pH 

Stainless  Steel 17-7 pH 

Stainless  S tee ls  304, 321, & 347 

6061 A 1  

S ta in less  S tee ls  321 & 347 

Viton A ,  Teflon, Kel-F, Polyethylene 

Teflon, Kel-F 

F1 uorol ubes 

Teflon Tape 

Nickel Plating 

S ta in less  S tee ls  304, 321, & 347; 
Tef 1 on 
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Table 111-10 Summary of Pressurant  E v a l u a t i o n  Stud ies  

PRESSURANT 

I Helium 

N i t r o g e n  

A i r  
Neon 
Krypton 

Argon 

NO. OF CHARACTERISTICS SATISFIED 

4 

G. CANDIDATE OXIDIZER FEED SYSTEMS 

Eighteen o x i d i z e r  f eed  systems were considered f o r  t h e  A P S .  
These systems were devised  t o  s a t i s f y  t h e  fo l lowing  requirements:  

1) 10-year l i f e t i m e ;  

2)  

3)  Ease of resupply ;  

4 )  
5) Minimum resupply ;  

6) High r e l i a b i l i t y .  

Ease of maintenance and r e p a i r ;  

Minimum c r e w  commitment f o r  maintenance and r e p a i r ;  

It is  recognized t h a t  t h e s e  requirements  have complex i n t e r -  
a c t i o n s  

1. Design Phi losophy 

The 10-year l i f e  requirement  d i c t a t e s  t h a t  t h e  o x i d i z e r  feed  
system b e  r epa rab le  and con ta in  a degree  of redundancy. This  
means t h a t  each propuls ion  module should  have two in t e rconnec ted  
systems t h a t  are v i r t u a l l y  independent.  Furthermore,  i n  each 
system t h e r e  should b e  s u f f i c i e n t  redundancy t o  e l i m i n a t e  s i n g l e -  
p o i n t - f a i l u r e s .  Thus, each cand ida te  system c o n t a i n s  an assembly 
of quad check valves. This  arrangement e l i m i n a t e s  a p o t e n t i a l  
f a i l u r e  on one s i d e  of t h e  quad va lve  by p e r m i t t i n g  flow through 
t h e  redundant s i d e .  It a l s o  permi ts  t h e  f a i l e d  s i d e  of t h e  quad 
valve t o  b e  r ep laced  wi thout  h inde r ing  t h e  ope ra t ion  of t h e  pro- 
p u l s i o n  system., 

Another approach w a s  t h e  use  of two-stage p r e s s u r e  and flow 
r e g u l a t i o n  assembly t o  o b t a i n  coa r se  r e g u l a t i o n ,  followed by I 

f i n e  r e g u l a t i o n ,  

\ 
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The candida te  o x i d i z e r  systems a l s o  had common in te rconnec-  
t i o n s  (c rossover  va lves)  between t h e  two systems t h a t  made up a 
propuls ion  module. These i n t e r c o n n e c t i o n s  were l o c a t e d  downstream 
of t h e  p r e s s u r a n t  tank ( i f  one w a s  p r e s e n t ) ,  downstream of t h e  
o x i d i z e r  tank,  and j u s t  upstream of t h e  TCA u n i t s .  T h i s  ap- 
proach provided i n t e r a c t i o n  between t h e  two systems of t h e  pro- 
p u l s i o n  module i f  r e q u i r e d .  

Each system a l s o  contained relief valves and b u r s t  d i s c s  a t  
l o c a t i o n s  where p r e s s u r e  b u i l d u p s ,  i f  n o t  r e l i e v e d ,  could r e s u l t  
i n  catas t r o p h i c  f a i l u r e .  

P 

Considera t ion  was a l s o  given t o  r e p a r a b i l i t y .  The compo- 
n e n t s  were designed f o r  qu ick  removal w i t h  a minimum of p h y s i c a l  
e f f o r t .  Because a group of components (one s i d e  of t h e  quad 
valve assembly, f o r  example) o r  a s e c t i o n  of t h e  o x i d i z e r  f e e d  
system might become d e f e c t i v e ,  modular iza t ion  w a s  used, when 
p o s s i b l e ,  t o  provide  a modular replacement c a p a b i l i t y .  

F i n a l l y ,  i t  w a s  recognized that  the system f l u i d s  should  b e  
i s o l a t e d  from components t h a t  are b e i n g  r e p a i r e d  o r  rep laced .  
This  requirement  was s a t i s f i e d  by v e n t i n g  a l l  f l u i d  s t o r a g e  con- 
t a i n e r s  and t r a n s f e r  l i n e s  t o  vacuum, u s i n g  c o l d  t r a p s  t o  reclaim 
t h e  f l u i d .  T h i s  n o t  on ly  permi t ted  s t o r i n g  t h e  f l u i d ,  i t  a l so  
permi t ted  i s o l a t i n g  the system f l u i d  i f  i t  became contaminated. 

2 .  Descriptions o f  Candidate Systems 

Previous ly  descr ibed  a n a l y s e s  i n d i c a t e d  t h e  d e s i r a b i l i t y  s f  
u s i n g  LOX and he l ium as t h e  o x i d i z e r  and p r e s s u r a n t ,  respec- 
t i v e l y ,  f o r  t h e  h y b r i d  APS. The c a n d i d a t e  feed  systems used 
t h e s e  commodities where a p p l i c a b l e .  The c a n d i d a t e  systems are 
l i s t e d  i n  Table  111-11. Note t h a t ,  i n  many cases, the candida te  
systems are e s s e n t i a l l y  i d e n t i c a l ,  and d i f f e r  onEy i n  t h a t  a 
b l a d d e r ,  diaphragm, o r  bel lows i s  s u b s t i t u t e d  f o r  a c a p i l l a r y  
s c r e e n .  

s u r i z e  t h e  LOX, which i s  i n  a p o s i t i v e  e x p u l s i o n  bel lows tank ,  
The p r e s s u r a n t  is recompressed w h i l e  t h e  o x i d i z e r  is b e i n g  re- 
s u p p l i e d ,  thereby e l i m i n a t i n g  t h e  need t o  resupply  pregsu 
A s  t h e  LOX is  e x p e l l e d ,  i t  is passed through a h e a t  exchanger 
t o  provide  GOX. 

b .  Regulated Stored-Gas Feed System - System 2 (F ig .  111- 
43) - I n  t h i s  system t h e  s t o r e d  hel ium gas i s  r e g u l a t e d  f o r  flow 
and p r e s s u r e  b e f o r e  i t  e n t e r s  t h e  LOX bel lows t ank .  A s  t h e  con- 
t r o l  v a l v e  i s  opened. t h e  r e g u l a t e d  LOX e n t e r s  the h e a t  exchanger,  
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Table 111-11 Candidate Oxidizer Feed Systems 

2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 

Regul a ted S tored-Gas Feed Sys tem 
Heater Self-Pressurization Feed System 
Heat Sink Material Self-Pressurization Feed System 
Hydrazine Main T a n k  Injection Feed System 
Electromechanical Bellows Feed System 
Mechanical Bel 1 ows Feed Sys tern 
Solid Gas Generator Feed System 
J e t  Pump Feed System 
Turbopump Feed Sys tem 
Sol id Gas Generator Feed System with Capi 11 ary Screen 
Gaseous Oxidizer Feed System 
61 owdown Stored-Gas Feed Sys tem wi t h  Capi 11 ary Screen 
Regulated Stored-Gas Feed Sys tem w i  t h  Capi 1 l a ry  Screen 
Rep?  a ted S tsred-Gas Feed Sys tern wi t h  B1 adder  
61 owdown Stored-Gas Feed System with Diaphragm 
Regulated Stsred-Gas Feed System w i t h  Diaphragm 
I31 owdown Stored-Gas Feed Sys tern wi t h  B1  adder 
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F i  g I I 1-42 B1 owdown S tored-Gas Feed Sys tern 
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F i g  I) I 11-43 Regulated Stored-Gas Feed System 
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Ups t ream of t h e  h e a t  exchanger i s  a quad check va lve  assembly 
t h a t  prevents  backflow of gaseous oxygen. Gaseous oxygen l e a v e s  
t h e  h e a t  exchanger and e n t e r s  t h e  engines  through i s o l a t i o n  
va lves .  A p r e s s u r e  gage is  a t t a c h e d  t o  t h e  n i t r o g e n  sphe re  t o  
determine when resupply  i s  complete. A f i l t e r  upstream of t h e  
r e g u l a t o r s  p reven t s  p a r t i c l e  contaminat ion of t h e s e  components e 

A l l  va lves  except  t h e  f i l l  va lve  are  so lenoid-opera ted ,  b u t  could 
a l s o  have a manual ove r r ide .  

c. Heater S e l f - P r e s s u r i z a t i o n  Feed System - System 3 
(F ig .  111-44) - The s e l f - p r e s s u r i z a t i o n  system relies on vapor  
p r e s s u r e  from t h e  v o l a t i l e  l i q u i d , *  i n  t h i s  case, LOX, t o  pres -  
s u r i z e  the  system. Consequently,  a h e a t  sou rce  is  requ i r ed  t o  
vapor i ze  t h e  LOX. I n  t h i s  system, i t  is  an e l e c t r i c  h e a t e r  t h a t  
i s  c o n t r o l l e d  by a p r e s s u r e  senso r  t o  main ta in  t h e  u l l a g e  a t  a 
cons t an t  p r e s s u r e .  LOX is  f e d  through t h e  nozz le  h e a t  exchanger 
when t h e  so l eno id  c o n t r o l  v a l v e  i s  opened. The r e s u l t i n g  gas i s  
then r egu la t ed  t o  t h e  proper  p r e s s u r e  and f low,  and f ed  i n t o  t h e  
r o c k e t  engines .  Because of t h e  h e a t e r ,  t h i s  system w i l l  r e q u i r e  
e l e c t r i c a l  power, b u t  no o t h e r  i n t e r f a c e s  are needed. 

d. Heat Sink Material S e l f - P r e s s u r i z a t i o n  Feed System - 
System 4 (Fig.  111-45) - This  system i s  s i m i l a r  t o  System 3, ex- 
c e p t  t h a t  t h e  e l e c t r i c  h e a t e r  i s  rep laced  by a h e a t  s t o r a g e  ma- 
t e r ia l .*  The s t o r a g e  material is  such t h a t  i t  remains f rozen  at: 
t h e  tempera ture  and p r e s s u r e  a t  which t h e  LOX b o i l s  o f f  and 
p r e s s u r i z e s  i t s e l f .  A s  LOX is  withdrawn, t h e  i n c r e a s e  i n  u l l a g e  
volume decreases  t h e  u l l a g e  p r e s s u r e .  This  p r e s s u r e  change is 
e l imina ted  as t h e  LOX absorbs  hea t -of - fus ion  from t h e  h e a t  s t o r -  
age material .  This  process  keeps t h e  LOX under p re s su re  a t  a l l  
t i m e s .  When t h e  c o n t r o l  va lve  is opened t h e  LOX is  f ed  i n t o  tho  

* 
. S. F. G r i f f o n i :  AZZ-Metal, VoZatiZe-Liquid Posit ive Ex- 

puZsion System, ER-5980, Cont rac t  NAS9-1004. TRW Inc ,  Power 
Systems Div i s ion ,  Redondo Beach, C a l i f o r n i a ,  June 1964. 

R. G. Eatough: "Expulsion of S t o r a b l e  P r o p e l l a n t s  U t i l i z i n g  
SAE Tpansacthns,  a V o l a t i l e  Liquid  as t h e  P r e s s u r i z i n g  Medium, 'I 

Vol 76, November 1968, p 1983-1992. 

C ,  N ,  Tr ipp:  VoZatiZe Liquid Pressurization. The Marquardt 
Corpora t ion ,  Van Nuys C a l i f o r n i a ,  1967 
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F i g -  111-44 S e l f - p r e s s u r i z a t i o n  Heater  Feed System 
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Fig. 111-45 Heat-Sink Material Self-Pressurization Feed System 
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h e a t  exchanger and conver ted  t o  GOX. A s  t h e  GOX leaves t h e  h e a t  
exchanger ,  i t  i s  passed through r e g u l a t o r s  t h a t  c o n t r o l  i t s  flow 
and p res su re .  From h e r e ,  t h e  r egu la t ed  gas e n t e r s  t h e  engine  
assembl ies .  Development of t h e  h e a t  s t o r a g e  material w i l l  b e  
r e q u i r e d  f o r  t h i s  system. 

e. Hydrazine Main Tank I n j e c t i o n  Feed System - System 5 
(F ig .  111-46) - I n  t h i s  system, hydraz ine  o r  some o t h e r  hype rgo l i c  
f u e l  i s  used wi th  LOX and helium. The s t o r e d  helium gas  pres-  
s u r i z e s  t h e  hydraz ine  tank ,  which, i n  t u r n ,  feeds  i n t o  t h e  LOX 
tank.  A s  t h e  hydraz ine  comes i n t o  c o n t a c t  w i t h  t h e  LOX, combus- 
t i o n  occurs ,  which p r e s s u r i z e s  t h e  LOX tank.  The LOX is  then 
f e d  through a series of check va lves  t o  t h e  h e a t  exchanger,  
where i t  i s  converted t o  GOX. The GOX then e n t e r s  t h e  engine  
assembl ies .  
g ine  i f  i t  is  found t o  b e  f a u l t y .  This system w i l l  r e q u i r e  re- 
supply ing  bo th  LOX and hydraz ine ;  t h e  hel ium can b e  recompressed 
wh i l e  t h e  hydraz ine  i s  be ing  r e supp l i ed .  

The check va lves  w i l l  s h u t  o f f  any i n d i v i d u a l  en- 

f .  E lec t romechanica l  Bellows Feed System - System 6 (F ig .  
111-47) - The use  of a gas p r e s s u r a n t  t o  expe l  t h e  l i q u i d  oxygen 
is  e l imina ted  i n  t h i s  system, thereby e l i m i n a t i n g  a l l  l i n e s  and 
components f o r  a p r e s s u r a n t  system. 
modif ied t o  a c c e p t  an e l e c t r i c  motor w i th  a threaded screw d r i v e  
t h a t  compresses t h e  bel lows and expels  t h e  LOX a t  a given rate. 
The LOX i s  then f ed  through a series of check valves i n t o  t h e  
h e a t  exchanger. Gas l e a v e s  t h e  exchanger and i s  channeled i n t o  
a series of r e g u l a t o r s ,  where i t s  flow and p r e s s u r e  are de te r -  
mined. From h e r e ,  t h e  r egu la t ed  GOX e n t e r s  t h e  engine  a s sembl i e s ,  
Redundancy i s  provided by us ing  c rossover  valves l o c a t e d  a f t e r  
the LOX tank  and b e f o r e  t h e  engine assembl ies .  Bur s t  d i s c s  and 
r e l i e f  va lves  are i n s t a l l e d  as a s a f e t y  measure. This  system 
w i l l  r e q u i r e  electrical  power t o  o p e r a t e  t h e  d r i v e  motor,  

The LOX expuls ion  tank  i s  

g. ' Mechanical Bellows Feed System - System 7 (F ig ,  111-48) - 
This  system is  s imi la r  t o  System 6 ,  except  t h a t  t h e  LOX bellQws 
tank  uses  t h e  f o r c e  of t h e  be l lows  and an a d d i t i o n a l  s p r i n g  i n  
p l a c e  of t h e  e l e c t r i c  motor assembly. The LOX is  e x t e r n a l  t 9  t h e  
be l lows  and t h e  s p r i n g ,  and t h e r e f o r e  compresses t h i s  assembly 
du r ing  resupply .  

t h e  c o n t r o l  v a l v e  is opened, t h e  LOX i s  expe l l ed  and passes  
through t h e  quad check va lves  i n t o  t h e  h e a t  exchanger,  Gas 
emerges, pas ses  through a f i l t e r  and r e g u l a t o r s  t h a t  c o n t r o l  gas  
f low and p r e s s u r e 9  and e n t e r s  t h e  r o c k e t  engines .  

The system has  ~ no e l ec t r i ca l  i n t e r f a c e  and 
~ -~ 

- e l i m i n a t e s  a l l  components r e l a t e d  t o a  p r e s s u r a n t  system. When 
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F i g .  131-46 Hydrazine Main Tank Injection Feed System 
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F i q .  111-47 Electromechanical Bellows Feed System 
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F i g  LII-48 Mechanical Bel 1 ows Feed System 
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h. S o l i d  Gas Genera tor  Feed System - System 8 (Fig.  111-49) - 
A s o l i d  gas  g e n e r a t o r  is  used t o  provide  p r e s s u r a n t  t o  t h e  LOX 
t ank  i n  t h i s  system. A s  t h e  gas  i s  produced, i t  passes  through 
a f i l t e r  and r e g u l a t o r .  The c o n t r o l l e d  flow and p r e s s u r e  of n i -  
t rogen  gas expe l s  t h e  LOX through a quad check v a l v e  assembly 
and h e a t  exchanger. The r e s u l t i n g  gas is  f e d  t o  t h e  eng ine  as- 
sembl ies  * 

i. Je t  Pump Feed S y s t e m  - System 9 (F ig .  111-50) - A j e t  
pump is  used t o  f e e d  t h e  o x i d i z e r  t o  the eng ine  assembl ies  i n  - -  
t h i s  system. A helium tank ,  under low p r e s s u r e ,  is r e q u i r e d  t o  
b r i n g  t h e  LOX t o  t h e  j e t  pump. The j e t  pump is  s t a r t e d  by a 
s e p a r a t e  p r e s s u r i z e d  s ta r t  t ank  t h a t  releases h igh  p r e s s u r e  
through t h e  j e t  pump and draws t h e  LOX through and t o  t h e  eng ines ,  
After t h e  engines  are s t a r t e d ,  the p r e s s u r e  i n  t h e  nozz le  replaces 
t h e  p r e s s u r e  from the s t a r t  tank .  One of t h e  i n t e r e s t i n g  as- 
p e c t s  of t h i s  system is  the absence  of moving p a r t s .  The LOX 
t ank  i s  t h e  p o s i t i v e  expu l s ion  be l lows  type .  

j .  Turbopump Feed Sys tem - Sys tem 10  (F ig .  111-51) - The 
turbopump system uses  helium gas as a p r e s s u r a n t  and LOX as t h e  
o x i d i z e r .  The helium exerts a p o s i t i v e  p r e s s u r e  head on t h e  LOX 
t o  provide  combustion w i t h  t h e  PMM housed i n  t h e  t h r u s t e r  chamber 
assembly. The LOX i s  conta ined  i n  a metal be l lows  w i t h  a re- 
l i e f  v a l v e  and a b u r s t  d i s c  i n  l i n e  t o  prevent a h i g h  i n t e r n a l  be l -  
lows p r e s s u r e .  Once t h e  s o l e n o i d  v a l v e  downstream of t h e  LOX 
be l lows  i s  a c t i v a t e d ,  a t u r b i n e  d r i v e n  by a gas gene ra to r  s ta r t s  
pumping t h e  LOX through a h e a t  exchanger.  T h i s  h e a t  exchanger 
conve r t s  t h e  LOX t o  GOX, which is  passed d i r e c t l y  over  t h e  PMM 
t o  s t a r t  combustion. Downstream of t h e  h e a t  exchanger, t h e  GOX 
i s  f i l t e r e d  and r e g u l a t e d  t o  t h e  p rope r  flow and p r e s s u r e  by a 
two-stage r e g u l a t o r  system. A f t e r  the eng ine  so l eno id  v a l v e s  
are a c t i v a t e d ,  t h e  GOX e n t e r s  the eng ines ,  Upon d e p l e t i o n  of 
t h e  LOX from t h e  be l lows  c o n t a i n e r ,  t h e  be l lows  i s  r e f i l l e d ,  
thereby  r e p r e s s u r i z i n g  the helium p r e s s u r a n t  t~ i t s  o r i g i n a l  OP- 
e r a t i n g  p r e s s u r e  i n  t h e  p r e s s u r a n t  sphe re .  
supply  of p r e s s u r a n t  s i m p l i f i e s  t h e  system and reduces weight;. 

E l imina t ing  the re- 

k .  S o l i d  Gas Generator Feed S y s t e m  w i t h  C a p i l l a r y  Screen  - 
System 11 (F ig .  111-52) - I n  t h i s  f eed  system, a s o l i d  gag gen- 
e r a t o r  produces t h e  p r e s s u r a n t  r e q u i r e d  t o  e x p e l  the LOX f u e l ,  
The LOX i s  i n i t i a l l y  conta ined  by a h y d r o p h i l i c  s c r e e n ,  b u t  
pas ses  through t h e  s c r e e n  upon a p p l i c a t i o n  of t h e  p r e s s u r a n t .  
The p r e s s u r a n t  gas  w i l l  n o t  p a s s  through t h e  h y d r o p h i l i c  s c r e e n .  
A f t e r  l e a v i n g  t h e  s c r e e n ,  t he  LOX passes  through a h e a t  exchanger,  
which conve r t s  i t  t o  GOX. This  is  then f e d  t o  t h e  engines  f o r  
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Fig.. 111-49 S o l i d  Gas Generator Feed System 
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F ig ,  Ill-50 J e t  Pump Feed System 
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F l g .  111-51 Turbopump Feed System 
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F ig .  111-52 S o l i d  Gas Genera to r  Feed System w i t h  C a p i l l a r y  Screen  
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combustion, This  system w i l l  r e q u i r e  e x t e r n a l  power f o r  t h e  so l -  
i d  gene ra to r  i g n i t e r .  I 

2 .  Gaseous Oxygen Feed System - System 1 2  (Fig.  111-53) - 
This  system uses  compressed oxygen gas as t h e  s t o r e d  o x i d i z e r .  
When o x i d i z e r  is  r e q u i r e d ,  t h e  c o n t r o l  va lve  i s  opened and t h e  
gas  pas ses  through a f i l t e r  and a series of r e g u l a t o r s  t o  t h e  TCAs. 
This  system e l i m i n a t e s  many of t h e  components found i n  o t h e r  sys-  
t e m s .  The ox id ize r -p res su ran t  i n t e r f a c e  i s  e l imina ted  and t h e r e  
is  no need f o r  i t e m s  l i k e  metal be l lows ,  b l a d d e r s ,  diaphragms, 
and o t h e r  s i m i l a r  i t e m s .  I n  a d d i t i o n ,  no nozz le  h e a t  exchanger 
o r  v a p o r i z e r  i s  needed because t h e  oxygen gas is  i n  t h e  form re- 
qu i r ed  f o r  t h r u s t  chamber i n j e c t i o n .  However, t h i s  system re- 
q u i r e s  a l a r g e r ,  h e a v i e r  o x i d i z e r  tank than o t h e r  systems.  

. ,  

m. Blowdown Stored-Gas Feed System wi th  C a p i l l a r y  Screen - 
System 13 (Fig.  111-54) - Stored  hel ium gas i s  used t o  p r e s s u r i z e  
the LOX f u e l  i n  t h i s  system. The LOX i s  conta ined  by a hydro- 
p h i l i c  s c reen  t h a t  w i l l  a l low t h e  passage of LOX, b u t  n o t  t h e  
hel ium p r e s s u r a n t .  A f t e r  expuls ion  from t h e  c a p i l l a r y  s c r e e n ,  
t h e  LOX passes  through a h e a t  exchanger,  where i t  is converted 
t o  t h e  gaseous state.  It i s  then  f i l t e r e d ,  r e g u l a t e d ,  and f e d  
i n t o  t h e  rocke t  engines  f o r  combustion. 

n.  Regulated Stored-Gas Feed System wi th  C a p i l l a r y  Screen - 
System 1 4  (F ig .  111-55) - This  system is  similar t o  System 2 ,  
except  t h e  bel lows is  rep laced  wi th  a s p h e r i c a l  c a p i l l a r y  s c r e e n  
t h a t  con ta ins  t h e  s t o r e d  LOX. The s c r e e n  w i l l  pa s s  l i q u i d ,  b u t  
no t  gas .  
t h e  LOX is  fo rced  through t h e  sc reen  and p r e s s u r i z e s  t h e  system. 
When t h e  p r e s s u r a n t  v a l v e  is  opened, n i t r o g e n  w i l l  pass  through 
a f i l t e r  and r e g u l a t o r s  and i n t o  t h e  c a p i l l a r y  s c r e e n ,  LOX i s  
expe l l ed  and passed through t h e  nozz le  h e a t  exchanger i n t o  t h e  
TCAs 

When t h e  s c r e e n  t ank  is  p r e s s u r i z e d  from t h e  i n s i d e ,  

0. Regulated Stored-Gas Feed System w i t h  Bladder - System 15 
(Fig .  111-56) - S i m i l a r  t o  Systems 2 and 14,  t h i s  system r e p l a c e s  
t h e  be l lows  and c a p i l l a r y  s c r e e n  w i t h  a f l e x i b l e - e l a s t i c  b l adde r  
t h a t  i s  enclosed i n  t h e  LOX tank,  The b l adde r  expands as i t :  is  
f i l l e d  w i t h  gas ,  which causes  t h e  LOX t o  b e  expe l l ed .  The system 
i s  s t a r t e d  by opening t h e  n i t r o g e n  c o n t r o l  va lve .  Gas f lows 
through a f i l t e r  and two-staged r e g u l a t o r s  i n t o  t h e  b l adde r ,  LOX 
l eaves  t h e  tank  and passes  through the  h e a t  exchanger,  where i t  
is converted i n t o  gas .  The gas  is then f e d  i n t o  t h e  TCAs.  
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Fig, 111-53 Gaseous Oxygen Feed System 
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Fig.  111-54 Blowdown Stored-Gas Feed System w i t h  C a p i l l a r y  Screen  
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Fig I 11-55 Regulated Stored-Gas Feed System w i  t h  Capi I 1  a ry  Screen 



MCR-71-11 (Val 11) 111-97 

F i g .  111-56 Regulated Stored-Gas Feed System w i t h  Bladder  
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p.  Blowdown Stored-Gas Feed System wi th  Diaphragm - System 
16  (F ig .  111-57) - I n  t h i s  system, hel ium gas i s  used t o  pres -  
s u r i z e  a diaphragm which expe l s  t h e  LOX. Once t h e  LOX is  ex- 
p e l l e d ,  t h e  p r o p e l l a n t  t ank  w i l l  b e  r e f i l l e d  through t h e  f i l l  
va lve  t o  r e p r e s s u r i z e  t h e  hel ium p r e s s u r a n t ,  thereby  e l imina t -  
i n g  p r e s s u r a n t  resupply .  From t h e  p r o p e l l a n t  tank ,  t h e  LOX 
passes  through a quad check va lve  assembly and i n t o  t h e  h e a t  ex- 
changer ,  
w i l l  be  f i l t e r e d ,  r e g u l a t e d ,  and f ed  i n t o  t h e  engine  a s sembl i e s ,  

The h e a t  exchanger w i l l  conver t  t h e  LOX t o  GOX, which 

q. Regulated Stored-Gas Feed System w i t h  Diaphragm - Sys- 
t e m  11 (F ig .  111-58) - This  system i s  s i m i l a r  t o  Systems 2,  '14, 
and 15 except  t h a t  t h e  be l lows ,  c a p i l l a r y  s c r e e n ,  o r  b l adde r  i s  
rep laced  w i t h  a f l e x i b l e  diaphragm. The diaphragm seals o f f  t h e  
LOX rank and provides  t h e  i n t e r f a c e  between p r e s s u r a n t  and ox- 
i d i z e r .  The system i s  s t a r t e d  by opening t h e  he l ium c o n t r o l  
valve, Gas f lows through a f i l t e r  and two-staged r e g u l a t o r s  on- 
t o  the diaphragm. LOX is expe l l ed  from t h e  tank  and passes  
through t h e  nozz le  h e a t  exchanger ,  where i t  i s  converted i n t o  
gas .  The gas is then f e d  i n t o  t h e  TCAs. 

r. WCI. Blowdown Stored-Gas Feed System w i t h  Bladder  - System 18, 111-59) - Stored  n i t r o g e n  p r e s s u r i z e s  a b l adde r  w i t h i n  
a p r o p e l l a n t  LOX tank i n  t h i s  system. 
and f o r c e s  t he  LOX through a quad check v a l v e  assembly, t h e  
p r e s s u r a n t  tank  can be r e f i l l e d  by r e supp ly ing  t h e  LOX tank .  
This pracaduse eliminates t h e  need f o r  p r e s s u r a n t  resupply .  
From ths  quad check v a l v e  assembly, t h e  LOX flows through t h e  
h e a t  exchanger,  i e  f i l t e r e d  and r e g u l a t e d ,  and f e d  i n t o  t h e  
rocket. engine assembl ies  f o r  combustion. 

A f t e r  t h e  b l adde r  expands 
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F ig ,  T T I-57 Bl owdown Stored-Gas Feed System with Diaphragm 

i 
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F i g  I 11-58 Regulated Stored-Gas Feed System w i t h  Diaphragm 
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F i g  X T 1-59 E1 awdown Stored-Gas Feed System w i  t h  B1 a d d e r  
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The 10-year mission d u r a t i o n  of t h e  Space S t a t i o n  program 
n e c e s s i t a t e s  resupply ,  maintenance, and r e p a i r  t o  s u s t a i n  t h e  
o p e r a t i o n  of t h e  hybr id  APS. T h i s  s tudy  and p r i o r  s t u d i e s  have 
confirmed t h e  f a c t  t h a t  t o d a y ' s  systems do n o t  have t h e  r e l i a b i l i t y  
necessary  f o r  t h e  10-year manned space  miss ion .  This  means t h a t  
f o r  f u t u r e ,  long-durat ion manned space  miss ions ,  s i g n i f i c a n t  i m -  
provements i n  t h e  c a p a b i l i t i e s  of t h e  v a r i o u s  subsystems w i l l  b e  
r e q u i r e d  t o  a t t a i n  s a t i s f a c t o r y  p r o b a b i l i t i e s  of miss ion  accom- 
p l i shment ,  The p r o j e c t e d  i n c r e a s e  i n  t h e  r e l i a b i l i t y  of compo- 
n e n t s  of  t h e  pxopuls ion subsystem w i l l  n o t  be  s u f f i c i e n t  i n  i t s e l f  
t o  achieve  t h e  o v e r a l l  assurance  t h a t  i s  r e q u i r e d .  I n  a d d i t i o n ,  
i t  i s  i m p r a c t i c a l  t o  c a r r y  s u f f i c i e n t  consumable commodities f o r  
t h e  e n t i r e  miss ion  d u r a t i o n .  The s o l u t i o n  t o  t h e s e  problems l i es  
i n  p e r i o d i c a l l y  resupply ing ,  main ta in ing ,  and r e p a i r i n g  t h e  h y b r i d  
p r o p u l s i o n  system dur ing  o r b i t a l  o p e r a t i o n s  i n  a way that has 
minimum impact on t h e  workload of t h e  crew, whi le  main ta in ing  t h e  
h y b r i d  APS i n  i t s  i n i t i a l  o p e r a t i n g  s t a t e .  

Resupply, maintenance, and r e p a i r  requirements  a p p l i c a b l e  t o  
t h e  propuls ion  subsystem are t y p i f i e d  by t h e  fo l lowing:  

Resupply - Normal resupply  o p e r a t i o n s  and suppor t  w i l l  
be  provided by t h e  Space S h u t t l e  on a nonemergency 
frequency of  every  180 days.  The propuls ion  subsystem 
can be  r e s u p p l i e d  by docking and at tachment  o p e r a t i o n s  
employing a f r e e f l y i n g  module o r  s p e c i a l  l o g i s t i c s  
v e h i c l e ,  o r  by i n t e r n a l  access; 

Maintenance - Prevent ive  o r  scheduled maintenance w i l l  
be  performed on a p e r i o d i c  b a s i s  t o  p r e s e r v e  t h e  relia- 
b i l i t y  of t h e  o x i d i z e r  f e e d  assembly, ensure  s u c c e s s f u l  
o p e r a t i o n s ,  and prevent  i n a d v e r t e n t  f a i l u r e s  and m a l -  
f u n c t i o n s .  Maintenance w i l l  normally be  scheduled f o r  
t i m e s  when crew o p e r a t i o n s  p e r m i t ,  and without; necess i -  
t a t i n g  propuls ion  subsystem shutdown o r  i n t e r r u p t i o n  
of miss ion  o p e r a t i o n s ;  

Repair  - T h i s  r e f e r s  t o  unscheduled maintenance, caused 
by mal func t ions  o r  damage, t h a t  must be  performed t o  
r e s t o r e  t h e  c a p a b i l i t y  of t h e  hybr id  APS, reactivate 
s u c c e s s f u l  o p e r a t i o n s ,  and c o r r e c t  c o n d i t i o n s  causiqg 
degraded performance. 



a v-2 MCR-71-11 ( V O I  I I )  

The s t u d i e s  conducted i n  Task 2 were under t h e  fo l lowing  
s u b t a s k s  : 

Subtask No. D e s c r i p t i o n  

1 Candidate System S e l e c t i o n  Cr i te r ia  

2 F a i l u r e  Modes and Component R e l i a b i l i t y  

3 Malfunct ion D e t e c t i o n  and Repair  

4 Maintenance Requirements 

5 Onboard S e r v i c i n g  and Repair  

6 Resupply Methods and Procedures  

A.  CANDIDATE SYSTEM SELECTION CRITERIA  

A number sf hybr id  a t t i t u d e  p r o p u l s i o n  systems have been con- 
ce ived ,  based on r e s u p p l y / r e p a i r  and performance c o n s i d e r a t i o n s .  
Each c a n d i d a t e  hybr id  APS was e v a l u a t e d  a g a i n s t  c e r t a i n  s e l e c t i o n  
c r i t e r i a  t o  determine t h e  optimum system and r e s u p p l y / r e p a i r  
methods t o  meet t h e  10-year o p e r a t i n g  l i f e  of t h e  Space S t a t i o n .  

The s e l e c t i o n  c r i t e r i a  p r e s e n t e d  i n  Table  I V - 1  were e s t a b l i s h e d  
a f t e r  c o n s u l t a t i o n  w i t h  NASA. The requirements  f o r  s a f e t y  and 
t e c h n i c a l  s ta tus  by 1975 are a b s o l u t e ,  and no compromise can b e  
made. The remaining s e l e c t i o n  c r i t e r i a  are l i s t e d  i n  t h e i r  o r d e r  
of importance,  
re f lec ts  i t s  h igh  c o s t  and complexi ty ,  

The h i g h e s t  r a t i n g  I s  given  t o  resupply ,  which 

1, S a f e t y  - The degree of s a € e t y  f o r  each of t h e  propul-  
g ibsys tems was determined i n  r e l a t i o n  t o  t h e  Space 

Btation, miss ion  s u c c e s s ,  and t h e  crew members. The s a f e t y  
o f  r e p a i r i n g ,  resupply ing ,  and o p e r a t i n g  w a s  a l s o  d e t e r -  
mined ; 

- The "s ta te -of - the-ar t "  f o r  each  
bsystem w a s  compared and t h e  

devdoprnent r i s k  f o r  i t s  i n t e g r a t i o n  i n t o  t h e  Space S t a t i o n  
was dgtermined. FQr a subsystem t o  be cons idered ,  a l l  
develspnenc must be  complete by 1975; 

3 ,  Resupply - The resupply  requirements  f o r  each i n d i v i d -  
Gal p r o p u l s i o n  subsys tern were analyzed and t h e  resupply  of 
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Table IV-1 Space S ta t ion  APS Select ion Cr i t e r i a  and Order o f  Importance 

PRIORITY 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

ITEM 

Safety 

Technical S ta tus  i n  1975 

Resupply Requi rements 

Mai ntai  nabi 1 i t y  & Repair 

Crew Requirements 

Commonal i t y  

Onboard Equipment Requirements 

Re1 i abi 1 i t y  

Space Sta t ion  In te r face  Potential  

Perf Q rmance 

Weight 

Growth Potential  

c o s t  

WE IGHTI NG 
FACTOR 

Absolute 

Absol Ute 

20 

15 

15 

10 

10 

10 

5 

5 

5 

3 

2 - 

100 
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propellants and pressurants was evaluated. 
transporting equipment and additional tankage weight for 
fuel and pressurant resupply were considered. The addi- 
tional weight due to spares carried onboard for resupply 
requirements was also included in the system weight. The 
individual components of each concept were evaluated, and 
it was determined which components will need to be resup- 
plied and at what time intervals. From the component 
resupply requirements, a spares inventory was determined 
for those components needing resupply. Crew commitment 
for the resupply procedures for each concept was analyzed; 

Necessary 

4 .  Maintainability and Repair - Maintenance and repair 
requirements for each concept were determined; 

5. Crew Requirements - Each subsystem was screened and 
its crew commitments determined. Crew timelines were 
established for performing scheduled and unscheduled 
maintenance, resupply, and repair of the feed system, and 
for reading system monitoring devices; 

6. Commonality - Each concept was analyzed to determine 
its commonality of standardization within the system or 
with other systems onboard the Space Station. All con- 
cepts were essentially the same from this standpoint; 

7. Onboard Support Equipment and Tooling - The onboard 
support equipment and tooling required f o r  each propul -  
sion subsystem was determined. 
tially the same fo,r all concepts; 

This equipment was essen- 

8. 
subsystem was analyzed to determine its degree of integra- 
tion potential with the Space Station. 
rated the same ; 

Integration Potential with Space Station - Each 

A l l  concepts were 

9. Reliability - A reliability analysis was conducted f o r  
each concept ; 

10. Performance - The performance of each concept: was 
evaluated; 

11. Weight - A weight analysis was performed €or each 
candidate. First, the individual components for each 
system were considered and their respective weights were 
determined. Then a total system weight for the concept 
was tabulated and used for the analysis; 
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12. Growth Potential - Each subsystem was analyzed to 
determine the areas where new technology expansion exists; 

13. Cost - The projected costs of each candidate were 
considered. 

B. FAILURE MODES AND COMPONENT RELIABILITY 

Malfunction detection, maintenance, repair, and resupply 
requirements for candidate hybrid components depend on the number 
and type of failure modes for each component. Furthermore, a 
consistent set of reliability numbers is required for a compara- 
tive evaluation of candidate design approaches. 

1. Failure Mode Analysis o f  Hybrid TCA Components 

Predicted failure modes for the hybrid TCA are listed in 
Table IV-2 for each candidate design component. These failure 
modes are related to the time of occurrence (i.e., during opera- 
tion, while on standby, or during refurbishment) because this 
time affects the selected malfunction detection, maintenance, and 
repair procedures. 

2. Component Reliability Analysis for  the TCA 

The component reliability analysis provides a comparison be- 
tween different component design approaches and indicates which 
subcomponents have high failure rates. 

Component reliability numbers were generated for each design 
for 2.4-year and 10-year operation. Based on the estimated 
10-year APS total impulse of 6,568,508 N-sec (1,476,660 lbf-sec , 
and using 16 GOX/(PMM/PBD) motors operating at O/F = 2,4, P 

kN/m2 (100 psia) with grain replacement at 98,528 N-sec (22,150 
lbf-sec 

would be 2.4 years and the maximum operating time without refur- 
bishment would be 10 years. Table IV-3 lists the predicted relia- 
bility for each component for the 2.4-year and 10-year design 
lifetimes. 

1 
= 689 

C 

of total impulse, the average grain replacement interval ) 
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Tab1 e IV-3 Component Re1 i abi 1 i t y  Predi c t i  ons 

IV-7 

COMPONENT 

Igni t ion System 

Spark-Init iated Precombustor 
E lec t r i ca l ly  Heated Oxidizer Line 
Pyrogen Hot Gas Ign i t e r  
Butane Precombus t o r  

Fuel Grain Configuration 

Single Port  Grain 
Segmented Grain 
Moving Fuel Grain 
Mu1 t i p o r t  Grain 

Forward Closure Concepts 

Snap R i n g  (Tru-Arc) 
Double Bayonet Fl ange 
Bayonet/Screw Connection 
P i n  
Bo1 ted F1 ange 

Motor Refurbishment Concepts 

Movable Tube 
Para1 1 e l  Transfer 
Nozzle. Cap 
External Cover 
External Clam Shell 

RELIABILITY 

2.4 y r  

0.9311 
0.9409 
0.9749 
0 a 9506 

0.996 
0.992 
0 982 
0.982 

0.984 
0.826 
0.828 
0.984 
0.989 

'0.9999 
> 0.9999 

0 a 9994 
0.996 
0.983 

10 y r  

0 a 7380 
0 a 7705 
0 e 8940 
0.8040 

0 e 987 
0.983 
0 a 973 
0 e 946 

0.932 
0 d 439 
0.455 
0,932 
0,935 

3 0,9999 
> 0.9999 

0 e 9920 
0,977 
9 e 886 
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The fo l lowing  recommendations are based on t h e  r e l i a b i l i t y  
a n a l y s i s  : 

1) 

Because a i  
they  would 

Active redundant carbon seals should be  used i n  t h e  
moving g r a i n  concept  t o  reduce t h e  f a i l u r e  ra te  t o  
a n  e f f e c t i v e  0.371 x 10-6/hr ,  based on a 2.4-year 
l i f e  ; 

Redundant o x i d i z e r  p r e s s u r e  r e g u l a t o r s  should b e  used 
f o r  each  t h r u s t e r  pad; 

Manual 3-way valves have a f a i l u r e  ra te  of  4.4 x 
10”6/hr .  Theref o r e ,  t h e s e  valves should b e  checked 
b e f o r e  each motor re furb ishment  t o  reduce f a i l u r e s ;  

Redundant seals should be  used t o  achieve  h i g h  
r e l i a b i l i t y ,  as shown below: 

R e l i a b i l i t y  of R e l i a b i l i t y  of - L i f e  S t a t i c  Seals Dynamic Seals 

2.4  y e a r s  0.99992 0.9995 

10.0 y e a r s  0.999 0.993 

t h e  s h o r t  (18-month) l i f e  of t h e  s p i n / d e s p i n  motors ,  
probably n o t  r e q u i r e  redundant seals. 

- 3 .  - . Failure - . . ._ Mode . . _. . . - . Analysis . .- , . . , . of . the Oxidizer Feed System 

The majar ssctlons of t h e  proposed o x i d i z e r  f e e d  assembly 
s t u d i e d  t o  determine what f a i l u r e  modes were most 

o c c u r ,  d e s c r i b e  t h e  p o s s i b l e  o r  most l i k e l y  c a u s e s  f o r  
each assumed f a i l u r e ,  determine t h e  e f fec t  on t h e  assembly, de- 
s c r i b e  redundant o r  a l t e r n a t i v e  modes of o p e r a t i o n  t h a t  e n a b l e  

fications, The f a i l u r e  c l a s s i f i c a t i o n s  are d e f i n e d  as f o l l o w s :  
t o  cont inue  t h e  miss ion ,  and e s t a b l i s h  f a i l u r e  classi-  

1) C a t a s t r o p h i c  F a i l u r e  (C las s  1) - S i n g l e  f a i l u r e s  t h a t  
& e p b t e n t i a l l y - ’  f a t a l  and t h a t  would probably r e s u l t  
en t h e  l o s s  of t h e  c r a f t  due t o  a complete loss of 
f u n c t i o n  ; 

2 )  Crit ical  F a i l u r e s  (C las s  2)  - Hazardous c o n d i t i o n s  
dur ibg  any p h a s e ’ o f  ~ E l i g h t  t h a t  can  be c o r r e c t e d  o r  
a d j u s t e d  e i t h e r  by crew a c t i o n  o r  by an au tomat ic  
r e p a i r  p r o c e s s  ; 
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3 )  N o n c r i t i c a l  F a i l u r e s  (Class 3 )  - F a i l u r e s  t h a t  e i t h e r  
degrade performance o r  r e q u i r e  a s p e c i a l  o p e r a t i n g  
technique;  

c o r r e c t i v e  maintenance, b u t  do n o t  degrade performance. 
4 )  Minor F a i l u r e s  (Class 4 )  - F a i l u r e s  t h a t  r e q u i r e  

The major s e c t i o n s  of t h e  OFA w e r e  a l s o  g iven  one of t h e  
fo l lowing  c r i t i c a l i t y  rankings :  

1) Not L ike ly  - The r e a c t i o n  t i m e  i s  unl imi ted  o r  h a s  no 
major impact e i t h e r  on miss ion  success  o r  on t h e  
s a f e t y  of t h e  crew; 

2)  L ike ly  - The r e a c t i o n  t i m e  i s  l i m i t e d  o r  may be  c r i t i -  
cal f o r  miss ion  success  i f  not- uncompensated f o r ;  

3 )  Highly L ike ly  - The r e a c t i o n  t i m e  i s  c r i t i c a l  o r  t h e  
uncompensated e f f e c t  i s  c a t a s t r o p h i c .  

The r e s u l t s  of t h e  f a i l u r e  mode a n a l y s i s  f o r  t h e  OFA are 
p resen ted  i n  Table IV-4.  

4. Component Reliability Analysis for the Oxidizer Feed Assembly 

The r e l i a b i l i t y  of t h e  proposed OFA w a s  determined f o r  a 
1-year pe r iod .  F i r s t ,  t h e  r e l i a b i l i t y  of each component making 
up t h e  OFA w a s  then  c a l c u l a t e d ,  based on i t s  o p e r a t i o n a l  and 
nonopera t iona l  t i m e s ,  u s ing  

x R  - - 
component R o p e r a t i o n a l  mode nonopera t iona l  mode, R 

where 

-X+kt R e l i a b i l i t y  = e 

and 

X = F a i l u r e  ra te ;  

t = T i m e ;  

k = Opera t iona l  f a c t o r .  
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Table IV-4 F a i l u r e  Modes f o r  t he  Ox id i ze r  Feed System 

FAILURE 
TYPE 

FAILURE 
CAUSE 

EFFECT ON 
SYSTEM 

COMPENSATING 
PROV I S I O N S  

FAILURE 
CLASSIFICATION CRiTICALITY 

SYSTEM 
FUNCTION 

? Pressure 
i p p l y  Func- 
ion 

Leakage M a t e r i a l  & Wyld 
Imper fec t i on ,  
V ib ra t i on - In -  
duced Fat igue,  
Loose from 
V i  b r a t i o n  

Gradual Loss o f  
He Gas, Hence 
Incomplete Ex- 
p u l s i o n  o f  
Ox id i ze r  

Redundant 
Helium Pressure 
Supply 

C r i  t i ca l  F a i l u r e  Not L i k e l y ,  
Time I s  L i m i t e d  

Rupture M a t e r i a l  o r  
Weld Imper- 
f e c t i o n ,  Micro- 
meteoroid Pene- 
t r a t i o n ,  Inad- 
v e r t e n t  Over- 
p r e s s u r i z a t i o n  

Loss o f  Feed 
Pressure 

Redundant Helium 
Pressure Supply, 
Open Valves t o  
Feed Propel 1 an t  
t o  Engines from 
Good Leg 

C r i t i c a l  F a i l u r e  Not L i k e l y ,  
Reaction Time 
C r i t i c a l  

? Pressure 
m t r o l  Func- 
ion 

Leakage M a t e r i a l  & Weld 
Imper fect ion,  
V i  b ra t i on - In -  
duced Fatigue, 
Loose from 
V i  b r a t i o n  

F a u l t y  E l e c t r i c  
C i r c u i t ,  Dam- 
aged Valve 
C o i l  

Redundant 
He1 ium Pressure 
Supply 

C r i t i c a l  F a i l u r e  Not L i k e l y ,  
Time I s  L im i ted  

Gradual Loss o f  
He Gas, Hence 
Incomplete Ex- 
p u l s i o n  o f  
Ox id i ze r  

F a i l u r e  Not L i k e l y ,  
Time Is  L i m i t e d  

Shu to f f  
Valve 
F a i l s  
Closed 

Redundant 
Shu to f f  
Valves 

C r i t i c a l  None (Redundant 
Valves) 

Pressure 
Regulator 
Fai 1 s 
ODen 

F a u l t y  Spr ing 
o r  P a r t i c l e  
Contamination 

None (Redundant 
Regulator )  

Redundant 
Regulator i n  
Ser ies W i l l  
Contro l  Pressure 

C r i t i c a l  F a i l u r e  Not L i k e l y  

Check 
Valve 
F a i l s  
Open 

F a u l t y  Spr ing 
o r  P a r t i c l e  
Contamination 

None (Redundant 
Check Valves) 

Redundant Check 
Valves 

C r i t i c a l  F a i l u r e  Not L i k e l y  

Loss o f  Ox id i ze r  Rep1 ace Cid izer  Sup- 
ly  Function 

Leakage 
i n  Sup- 
p l y  Tank 

Ma te r ia l  o r  
Weld Imperfec- 
t i o n  

C r i t i c a l  F a i l u r e  Not L i k e l y  
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The t o t a l  impulse r equ i r ed  dur ing  t h e  1-year pe r iod  i s  
905,000 N-sec (204,700 l b f - sec  

p a r t i c u l a r  p a i r  of t h r u s t e r s )  i s  905,000 N-sec/445 N ,  o r  0.567 h r .  
For t h e  o p e r a t i o n a l  mode, k = 1; f o r  t h e  nonopera t iona l  mode, 
k = 0.1.  
Piece Part  Failure Rates. The lower extreme g e n e r i c  f a i l u r e  rates 
were used because they  provide  t h e  b e s t  p o s s i b l e  r e l i a b i l i t y .  The 
g e n e r i c  f a i l u r e  rates of t h e  i n d i v i d u a l  o x i d i z e r  feed  assembly 
components are t a b u l a t e d  i n  Table IV-5. Table IV-6 g ives  t h e  
i n d i v i d u a l  r e l i a b i l i t i e s  of t h e  components f o r  1 yea r .  

The o p e r a t i o n a l  t i m e  ( f o r  any 1 
The f a i l u r e  rates were obta ined  from t h e  Handbook of 

Once t h e  r e l i a b i l i t y  of  t h e  i n d i v i d u a l  components w a s  known, 
w e  determined t h e  r e l i a b i l i t y  of t h e  e n t i r e  o x i d i z e r  f eed  system 
us ing  

R - - 
Rsystem (Rcomponent 1) ( component 2) * 0 

The r e l i a b i l i t y  of t h e  s e l e c t e d  OFA, wi thout  redundancy, i s  
0.8791. To i n c l u d e  redundancy, t h e  r e l i a b i l i t y  equa t ion  becomes: 

- A t  
Rredundancy = e (1 + A l t , ) ,  

where 

e -At = R e l i a b i l i t y  of system wi thout  redundancy; 

A1 = Overa l l  system f a i l u r e  ra te ;  

t l  = T o t a l  t i m e .  

With redundancy inc luded ,  t h e  r e l i a b i l i t y  of t h e  OFA f o r  1 y e a r  
was 0.9924. 

C. MALFUNCTION DETECTION AND REPAIR 

1. Reasons f o r  a Malfunction Detection System 

A mal func t ion  d e t e c t i o n  and f a u l t  i s o l a t i o n  system performs 
t h r e e  b a s i c  f u n c t i o n s  f o r  a Space S t a t i o n  A P S .  It  a s s u r e s  crew 
s a f e t y ,  maximizes miss ion  e f f e c t i v e n e s s ,  and s i g n i f i c a n t l y  reduces  
t h e  frequency and complexity of i n f l i g h t  maintenance. 
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Table fV-5 Generic Fa i lure  Rates of Oxidizer Feed Assembly Components 

COMPONENT LOWER EXTREME, GF * 
.ow-Pressure Helium Tank 0.039 

Burst Disc 0.54 
Re1 i e f  Valve 3.27 
3-Way & 4-Way Valves 1.87 
Annular Screen 1.40 

.ow-Pressure Tank Shell 0.10 

Pressure Transducer 23.20 
Control Valve 1.68 
Fi  1 ter 0.045 
Quad Check Valve 0.0122 
Control Regulator 0.70 
Transfer Valve 0.26 
Quick Disconnect 0.09 
Lines & Fi t t i ngs  0.05 

‘Fai 1 ures/ IO6 hr . 

Table IV-6 Component Re l i ab i l i t y  of Oxidizer Feed Assembly 
(1-yr Period) 

COMPONENT 

Low-Pressure He1 ium Tank 
Relief Valve 
F i l l  Valve 
Pressure Transducer 
3-Way & 4-Way Valves 
Annular Screen 
Small Pressure Tank 
Control Valve 
Quad Check Valve 
Re1 i e f  Valve 
F i  1 t e r  
Regulator 
3-Way Valve 
Burst Disc 
Burst Disc 
Quick Disconnect 
Lines & Fi t t i ngs  
Svstem St ruc ture  

0 P ERAT I NG 

0.9999 
0.974 
0.9999 
0.816 
0.9837 
0.9878 
0.9999 
0.9853 
0.9999 
0.9999 
0 * 9999 
0.9999 
0.9999 
0.9956 
0.9999 
0.9999 
0.9999 
0.9999 

RELIABILITY 
NONOPERATING 

0.9999 

0.9999 
0.9971 
0.9999 
0.9999 
0.9984 

0.9999 
0.9999 

TOTAL 

0.9999 
0.974 
0.9998 
0.816 
0.9837 
0.9878 
0.9999 
0.9853 
0.9998 
0.9970 
0.9998 
0.9998 
0.9983 
0.9956 
0.9998 
0.9998 
0.9999 
0.9999 
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S a f e t y  i s  a pr imary c o n s i d e r a t i o n  f o r  a Space S t a t i o n  U S .  
Detec t ion  equipment must be provided f o r  any f a i l u r e  modes t h a t ,  
i f  ignored ,  could r e s u l t  i n  i n j u r y  t o  t h e  c r e w .  Th i s  requirement  
e s t a b l i s h e s  t h e  need f o r  and t h e  minimum e x t e n t  of an  MDS. 

An MDS can a l s o  s i g n i f i c a n t l y  improve t h e  miss ion  e f f e c t i v e -  
n e s s  of t h e  Space S t a t i o n .  Prompt and a c c u r a t e  warning of f a i l u r e s  
t h a t  a f f e c t  t h e  performance of t h e  APS w i l l  enab le  t h e  crew t o  take 
e f f e c t i v e  a c t i o n  t o  ma in ta in  f u l l  c a p a b i l i t y .  
t h a t  a l l  a u x i l i a r y  maneuvers are completed as planned and on sched- 
u le  e 

This  w i l l  ensu re  

I n  a d d i t i o n ,  an  MDS can b e  used t o  ana lyze  performance t r e n d s  
and d e t e c t  impending f a i l u r e s ,  t hus  reducing  maintenance and re- 
supply  because small o r  impending f a i l u r e s  are d e t e c t e d  b e f o r e  any 
a p p r e c i a b l e  damage i s  done t o  t h e  system. De tec t ion  of impending 
f a i l u r e s  a l s o  a l lows  t h e  work t o  be  performed dur ing  scheduled 
maintenance p e r i o d s  o r  a t  t i m e s  of reduced crew workload. 

2.  O&timum Level  o f  Complexi ty f o r  a Ma l func t ion  De tec t i on  System 

The complexity of t h e  mal func t ion  d e t e c t i o n  and f a u l t  i s o l a -  
t i o n  equipment depends on t h e  h i g h e s t  f a i l u r e  level a t  which 
d e t e c t i o n  i% r equ i r ed  ( see  Table I V - 7 ) .  The MDS must r e l i a b l y  
detcct  a f a i l u r e ,  i s o l a t e  t h e  component r e s p o n s i b l e  f o r  t h e  f a i l u r e  
down t o  the lowes t  s e l e c t e d  replacement level ,  and prominent ly  
d i q l a y  the r e s u l t s  t o  t h e  crew so a p p r o p r i a t e  a c t i o n  can be taken .  
The mal func t ion  d e t e c t i o n ,  i s o l a t i o n  l o g i c ,  and d i s p l a y  p a n e l s  are 
s ing le - func t ion  equipment whose space ,  weight ,  power requi rements ,  
maintenance, B ~ C ,  must be d i r e c t l y  charged t o  t h e  APS. The re fo re ,  
8 r ea l i s t i c  assessment  must be made t o  compare t h e  b e n e f i t s  of an  
inc reased  d e t e c t i o n  C a p a b i l i t y  wi th  t h e  r e s u l t i n g  i n c r e a s e d  equip- 
ment p e n a l t y  i n c u r r e d ,  

Th@ complexity of autamatic moni tor ing  and c o n t r o l  equipment 
XUDI garaflsl t~ t h e  level o f  malfunct ion  d e t e c t i o n  and d i s p l a y .  
As datactisn requi rements  increase, t h e  crew w i l l  n o t ,  i n  g e n e r a l ,  
be capable o f  s e l i a b l y  responding t o  a l l  APS f a i l u r e s  wh i l e  s t i l l  
ps r foming  t h e i r  o the r  d u t i e s ,  Although o u t p u t  from t h e  MDS could 
be relayed t~ ground c a n t r o l ,  t h i s  i s  u n d e s i r a b l e  f o r  several 
T ~ B B B A B ~  Fir.E;tS ground communication l i n k s  can  f a i l ,  l e a v i n g  t h e  
Bpace gtation and crew i n  a tenuous p o s i t i o n .  Furthermore,  t h e  
Spaes S t a t i o n  w i l l  dsvelop procedures  t o  be  used f o r  p l a n e t a r y  
missions where autonomous o p e r a t i o n  i s  r e q u i r e d ;  t h e r e f o r e ,  a 
s o p h i s t i c a t e d  MRS w i l l  r e q u i r e  an au tomat ic  monitor ing and c o n t r o l  

IV-13 
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An AMCS f o r  Class 1 f a i l u r e s  would provide  automatic  shutdown. 
For Class 2 f a i l u r e s ,  i t  could be  programmed t o  t a k e  several 
courses  of a c t i o n ,  depending on t h e  type  and degree  of f a i l u r e  and 
t h e  cond i t ion  of t h e  motor (e .g . ,  ope ra t ing ,  on s tandby,  e t c )  a t  
t h a t  t i m e .  Class 3 automatic  c o n t r o l  would r e q u i r e  t h e  AMCS t o  
provide  t r e n d  a n a l y s i s  f o r  a l l  p o s s i b l e  f a i l u r e s ,  p r e d i c t  t h e  t i m e  
of t h e  f a i l u r e ,  schedule  c o r r e c t i v e  maintenance, and perform a l l  
Class 1 and 2 au tomat ic  f u n c t i o n s .  S ince  Class 4 f a i l u r e s  are 
a l l  n o n c r i t i c a l  and occur  dur ing  re furb ishment ,  no au tomat ic  
c o n t r o l  should be r equ i r ed  e 

Automatic monitor ing and c o n t r o l  equipment f o r  t h e  A P S  can be  
i n t e g r a t e d  i n t o  t h e  o v e r a l l  Space S t a t i o n  AMCS. Although t h i s  
w i l l  a l low some commonality i n  t h e  computat ional  and i n t e r f a c e  
equipment, t h e  degree  of commonality w i l l  depend on a number of 
f a c t o r s ,  and could be q u i t e  low i f  t h e  Space S t a t i o n  AMC r equ i r e -  
ments are h igh  du r ing  a t t i t u d e  c o n t r o l  maneuvers. Therefore ,  t h e  
l e v e l  of au tomat ic  c o n t r o l  w i l l  depend on t h e  leve l  of MDS capa- 
b i l i t y  s e l e c t e d ,  on t h e  crew t i m e  r equ i r ed  t o  monitor  t h e  d i s p l a y s ,  
and on t h e  c o s t  of provid ing  an AMCS i n  t e r m s  of space ,  weight ,  
and maintenance. 

3. Candidate Ma l func t i on  De tec t i on  Methods 

Candidate mal func t ion  d e t e c t i o n  methods f o r  t he  f o u r  i g n i t i o n  
systems are o u t l i n e d  i n  Table  I V - 8 .  

a.  F a i l u r e s  dur ing  I g n i t i o n  - A l l  i g n i t i o n  f a i l u r e s  are Class 
2 because they  p reven t  motor i g n i t i o n  and thereby  s e r i o u s l y  a f f e c t  
motor performance. None are capable  of becoming Class 1 f a i l u r e s .  

An o x i d i z e r  c o n t r o l  va lve  f a i l u r e  could be de t ec t ed  by a 
va lve  p o s i t i o n  i n d i c a t o r  o r  by a p res su re  gage i n  t h e  i n j e c t o r  o r  
t h e  chamber. The va lve  p o s i t i o n  i n d i c a t o r  i s  p r e f e r r e d  s i n c e  i t  
p rov ides  t h e  s i m p l e s t  and most p o s i t i v e  i n d i c a t i o n  of v a l v e  f a i l -  
u re  * 

The p ropane - in i t i a t ed  precombustor can mal func t ion  due t o  
a d e f e c t i v e  spa rk  source  o r  t r i p  v a l v e ,  o r  due t o  a dep le t ed  pro- 
pane supply.  The spark  p lug  and induc t ion  c o i l  could be checked 
by measuring induced v o l t a g e  and c u r r e n t ,  t h e  t r i p  v a l v e  could 
be checked by a p o s i t i o n  i n d i c a t o r ,  and t h e  butane supply could be 
monitored by a p r e s s u r e  gage. 
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The pyrogen h o t  gas  i g n i t e r  has  two f a i l u r e  modes -- a 
f a u l t y  squ ib  (which can be determined by a c o n t i n u i t y  check) and 
a premature i g n i t i o n  (which can be de t ec t ed  by a chamber p r e s s u r e  
p u l s e  and confirmed by a squ ib  c o n t i n u i t y  check) .  The i g n i t e r  
s u p p l i e s  warm f u e l - r i c h  products  t h a t  combine wi th  t h e  oxygen 
du r ing  i g n i t i o n .  
i n e r t  f u e l  g r a i n .  

A premature f i r i n g  w i l l  have no e f f e c t  on t h e  

The e l e c t r i c a l l y  hea ted  precombustor o x i d i z e r  l i n e  can 
mal func t ion  due t o  a burned ou t  t ungs t en  element o r  a c a p a c i t o r  
f a i l u r e .  The tungs t en  element w i l l  be p a r t i a l l y  consumed dur ing  
each i g n i t i o n .  This  p rocess  can be monitored by p e r i o d i c  resist- 
ance checks ,  and t h e  gas  h e a t i n g  can be  eva lua ted  by measuring 
c u r r e n t  and c a l c u l a t i n g  i 2 R  dur ing  c a p a c i t o r  d i scha rge .  Capac i tor  
i n t e g r i t y  and energy s t o r a g e  can be determined by a v o l t a g e  check. 

The s p a r k - i n i t i a t e d  precombustor i s  a s m a l l  hyb r id  gas  
gene ra to r  t h a t  s u p p l i e s  w a r m ,  f u e l - r i c h  gases  t o  burn wi th  t h e  
main o x i d i z e r  flow. The precombustor g r a i n  i s  s m a l l  enough t o  
i g n i t e  w i th  a spa rk .  P o s s i b l e  f a i l u r e  modes inc lude  a malfunc- 
t i o n i n g  flow s p l i t t e r  valve, a dep le t ed  precombustor f u e l  g r a i n ,  
and a f a u l t y  spa rk  source .  A valve f a i l u r e  could be  d e t e c t e d  by 
a p o s i t i o n  i n d i c a t o r ,  a dep le t ed  f u e l  g r a i n  could be i d e n t i f i e d  
by a t r i p  w i r e ,  and a f a u l t y  spark  sou rce ,  by a precombustor 
thermocouple o r  an induced v o l t a g e  and c u r r e n t  check. The l a t t e r  
i s  a more p r e c i s e  i n d i c a t i o n  of spa rk  c h a r a c t e r i s t i c s ,  b u t  a 
thermocouple would provide  a va luab le  i n d i c a t i o n  of precombustor 
o p e r a t i o n  a 

b .  F a i l u r e s  dur ing  Motor Operat ion - Malfunct ion d e t e c t i o n  
methods du r ing  motor o p e r a t i o n  are o u t l i n e d  i n  Table  I V - 9 .  The 
o x i d i z e r  va lve  can e i t h e r  c l o s e  prematurely o r  f a i l  t o  c l o s e ,  
bo th  of which are Class 2 f a i l u r e s .  I f  t h e  o x i d i z e r  va lve  c l o s e s  
premature ly ,  t h e  motor s h u t s  down e a r l y .  If t h e  o x i d i z e r  valve 
f a i l s  t o  c l o s e ,  t h e  motor con t inues  f i r i n g ,  r e q u i r i n g  t h e  main 
o x i d i z e r  c o n t r o l  va lve  t o  be  c losed ;  t o  reduce t h i s  l a t te r  poss i -  
b i l i t y ,  t h e  o x i d i z e r  valve w i l l  b e  designed t o  f a i l  c losed .  Both 
of t h e s e  f a i l u r e  modes can be de t ec t ed  e i t h e r  by a va lve  p o s i t i o n  
i n d i c a t o r  o r  by an i n j e c t i o n  p r e s s u r e  t r ansduce r .  Detec t ion  wi th  
a valve p o s i t i o n  i n d i c a t o r  i s  t h e  p r e f e r r e d  method. The i n j e c t o r  
can be designed f o r  a n e a r l y  unl imi ted  l i f e ,  b u t  some o x i d a t i o n  
o r  e r o s i o n  may occur  and i n c r e a s e  t h e  o x i d i z e r  f low,  t h r u s t ,  and 
chamber p r e s s u r e .  Th i s  i s  a Class 3 f a i l u r e  b u t  should be  moni- 
t o r e d .  Measurements of i nc reased  t h r u s t  and reduced i n j e c t o r  AP 
would i n d i c a t e  an e roding  i n j e c t o r .  
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A forward c l o s u r e  seal f a i l u r e  o r  a forward c l o s u r e  re- 
t e n t i o n  f a i l u r e  i s  normally a Class 1 f a i l u r e .  (Class  2 i n  t h e  
p a r a l l e l  t r a n s f e r  concept ,  s i n c e  t h e  motor remains o u t s i d e  t h e  
Space S t a t i o n ) .  E i t h e r  event  w i l l  r e s u l t  i n  motor shutdown. A 
redundant forward c l o s u r e  l a t c h  w i l l  be provided on a11 des igns  
t o  p reven t  t h e  forward c l o s u r e  from coming l o o s e .  Movement of 
t h e  forward c l o s u r e  would break  a c o n t a c t  t o  s i g n a l  shutdown. 
Leaks around t h e  forward c l o s u r e  seal  could b e  d e t e c t e d  by a 
t r i p  w i r e  seal o r  a thermocouple i n  t h e  forward c l o s u r e  cover .  

Fuel  g r a i n  d e p l e t i o n  i s  a p r e d i c t a b l e  f a i l u r e  mode based 
on f i r i n g  t i m e ,  a l though t r i p  w i r e s ,  motor case thermocouples,  
and t h r u s t / P  measurements are more a c c u r a t e  i n d i c a t o r s .  A t r i p  

w i r e  i s  t h e  p r e f e r r e d  d e t e c t i o n  method s i n c e  i t  i s  a s p e c i f i c  
f a i l - s a f e  i n d i c a t i o n  of f u e l  d e p l e t i o n .  Though f u e l  d e p l e t i o n  
i s  a benign f a i l u r e  mode i n  t h a t  i t  only  reduces performance, i t  
i s  accompanied by r a p i d l y  f a l l i n g  t h r u s t  and chamber p r e s s u r e ,  
which are a l s o  symptoms of an a f t  c l o s u r e  burnthrough,  I n  addi-  
t i o n ,  cont inued o p e r a t i o n  a f t e r  f u e l  i s  d e p l e t e  exposes  t h e  motor 
t o  ox id i ze r - r i ch  combustion products .  Therefore ,  t h e  motor w i l l  
be s h u t  down when t h e  t r i p  w i r e  i n d i c a t e s  f u e l  d e p l e t i o n .  

C 

The moving g r a i n  concept  has  s e v e r a l  a d d i t i o n a l  f a i l u r e  
modes. I f  t h e  g r a i n  jams, t h e  o x i d i z e r  w i l l  n o t  mix p rope r ly  w i t h  
t h e  f u e l  gases .  Thrus t  and chamber p r e s s u r e  may f a l l ,  and t h e  
g r a i n  may e v e n t u a l l y  be ex t ingu i shed .  A g r a i n  p o s i t i o n  i n d i c a t o r  
would provide  a d i r e c t  cvnf i rmat ion  f o r  t h i s  t ype  of f a i l u r e ,  and 
is  t h e  p r e f e r r e d  d e t e c t i o n  metliod. The moving g r a i n  i s  p r o p e l l e d  
by a p r e s s u r e  drop a c r o s s  t h e  g r a i n ,  which i s  maintained by an 
O-ring seal. I f  t h i s  seal  f a i l s ,  o x i d i z e r  can l e a k  around t h e  
grain. This  w i l l  i n c r e a s e  motor mass f low,  O/F r a t i o ,  and a f t  
c lo su re /nozz le  boundary l a y e r  tempera ture ,  
p r e s s u r e  provide  t h e  b e s t  i n d i c a t i o n  of t h i s  f a i l u r e ,  

Increased  t h r u s t  and 

An a f t  c l o s u r e  burnthrough i s  t h e  pr imary Class 1 f a i l u r e  
f o r  t h e  hybr id  system. Although t h e  chambers can be designed f o r  
extended o p e r a t i o n  and w i l l  be  r ep laced  a f t e r  completion of th&r 
expected o p e r a t i n g  l i f e ,  t h e  p o s s i b i l i t y  of a burnthrough exis ts ,  
For tuna te ly ,  such a f a i l u r e  i s  r e a d i l y  d e t e c t a b l e ,  The 222-N 
(50-lbf) motors have a t h r o a t  d iameter  of about  15 mm (O,& i n , )  

a t  P of 689 kN/m2 (100 p s i a ) ,  An a f t  c l o s u r e  burnthrough of t h i s  

s i z e  w i l l  ha lve  t h e  chamber p r e s s u r e  and n e a r l y  ha lve  t h e  t h r u s t ,  
The re fo re ,  a r a p i d  drop i n  chamber p r e s s u r e  and t h r u s t  w i l l  s i g n a l  
an au tomat ic  shutdown of t h e  motor. 

C 
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Two o t h e r  s imilar  f a i l u r e s  are t h r o a t  e r o s i o n  and an  e x i t  
cone burnthrough.  Throat  e r o s i o n  can e a s i l y  be de t ec t ed  by a 
g radua l  dec rease  i n  chamber p r e s s u r e  and a n  i n c r e a s e  i n  t h r u s t .  
This  i s  a Class 3 f a i l u r e  s i n c e  t h r o a t  e r o s i o n  can be monitored 
and t h e  chamber can be  r ep laced  b e f o r e  burnthrough occur s .  E x i t  
cone burnthrough w i l l  r e s u l t  i n  dec reas ing  t h r u s t  w i th  no change 
i n  chamber p r e s s u r e ,  Due t o  t h e  reduced p r e s s u r e  i n  t h e  e x i t  
cone, t h i s  is  a Class 2 f a i l u r e .  The motor would be  s h u t  down i f  
t h r u s t  f e l l  below a c e r t a i n  level.  Thermocouples on t h e  t h r u s t e r  
pad could  serve as backup i n d i c a t o r s  of nozz le  o r  a f t  c l o s u r e  
burnthrough on t h e  unders ide  of t h e  motor. 

Electrical system f a i l u r e s  would be  d e t e c t e d  by open o r  
sho r t ed  c i r c u i t s  due e i t h e r  t o  l o o s e  p lugs  o r  t o  broken w i r e s .  
Depending on t h e  c i r c u i t ,  an  e l e c t r i c a l  f a i l u r e  would e i t h e r  s h u t  
t h e  motor down au tomat i ca l ly  o r  f o r c e  a shutdown due t o  t h e  l o s s  
of motor performance and mal func t ion  d e t e c t i o n  in fo rma t ion .  

Oxid izer  and p r e s s u r a n t  d e p l e t i o n  are p r e d i c t a b l e ,  based 
on tank  p r e s s u r e s ,  
from t h e  tank  p r e s s u r e ,  The use  of redundant subsystems makes i t  
p o s s i b l e  t o  i s o l a t e  t h e  l e a k  o r  r u p t u r e  and r e p a i r  i t  a t  a l a t e r  
t i m e .  

Tank Leakage o r  r u p t u r e  can a l s o  be  determined 

c ,  Fai lures  du r ing  Standby - Candidate  d e t e c t i o n  methods 
dur ing  s tandby are s u t l i n e d  i n  Table  I V - 1 0 .  Leaks are t h e  pr imary  
f a i l u r e  modes. 
through several p a t h s ,  i nc lud ing  t h e  quick  d i sconnec t ,  o x i d i z e r  
valve, and o x i d i z e s  l i n e ,  t h e  t o t a l  l eakage  should no t  apprec i ab ly  
raise t h e  p a r t i a l  p r e s s u r e  of oxygen i n  t h e  Space S t a t i o n .  Any 
s u b s t a n t i a l  Peak could  be  d e t e c t e d  by a flowmeter i n  t h e  o x i d i z e r  
l i n e ,  an on- s i t e  v i s u a l  bubble tes t  us ing  a l e a k  d e t e c t i o n  so lu-  
t i o n ,  o r  an a u d i t s r y  check. 

Although GOX can l e a k  i n t o  t h e  Space S t a t i o n  

If the  sparked propane i g n i t i o n  system i s  s e l e c t e d ,  a 
propane leak i o  p o s s i b l e ,  which i s  p o t e n t i a l l y  more s e r i o u s .  
Although the  amount of propane r equ i r ed  f o r  i g n i t i o n  i s  s m a l l  and 
propane i s  rwt p a r t i c u l a r l y  t o x i c ,  t h e  presence  of propane i n  t h e  
cabin atmosph i s  undes i r ab le .  Therefore ,  a chemical  s n i f f e r  
should be i n s t a l l e d  i n  each of t h e  two ACS assembly rooms t o  check 
fsr  poss ib l e  l e a k s ,  

I n  t h e  movable tube and nozz le  cap des igns ,  cab in  a i r  can 
l e a k  ts space through the  forward c l o s u r e  seal or t h e  e x t e r n a l  
mtQr sea l ,  The former i s  cons ide rab ly  more s e r i o u s  s i n c e  i t  
i n d i c a t e s  a p o s s i b l e  Class 1 f a i l u r e  on t h e  nex t  f i r i n g .  S ince  
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an i n d i v i d u a l  motor may go weeks o r  months between f i r i n g s ,  seal  
f a i l u r e s  w i l l  most l i k e l y  occur  dur ing  s tandby.  Therefore ,  each 
motor could have an  e l e c t r o n i c  vacuum p r e s s u r e  gage (VPG) t h a t  
would b e  turned  on dur ing  s tandby t o  measure t h e  hardness  of 
vacuum (down t o  t o r r  o r  lower)  i n s i d e  t h e  chamber ( t o  d e t e c t  
forward c l o s u r e  seal f a i l u r e s )  and p o s s i b l y  i n  a l a b y r i n t h  seal 
o u t s i d e  t h e  e x t e r n a l  motor seal. Based on t h e  extremely low f a i l -  
u r e  rates f o r  t h e  motor seals, a VPG i s  probably n o t  j u s t i f i e d  f o r  
t h e  e x t e r n a l  motor seal. However, t h e  a b s o l u t e  s a f e t y  requirement  
makes a VPG a d v i s a b l e  f o r  t h e  motor seal. E l e c t r i c a l  system f a i l -  
u r e s  du r ing  s tandby can be d e t e c t e d  by v o l t a g e  and c o n t i n u i t y  
checks 

Malfunct ion d e t e c t i o n  of t h e  o x i d i z e r  f eed  assembly i s  
based on au tomat ic  p r e s s u r e  monitor ing.  P r e s s u r e  t r ansduce r s  
l o c a t e d  downstream of t h e  p r e s s u r a n t  sphe res ,  downstream of t h e  
check valve assembly, and downstream of t h e  v a p o r i z e r  assembly 
permi t  i s o l a t i o n  of t h e  f a i l u r e ,  as w e l l  as a c t i v a t i o n  of t h e  
proper  c ros sove r  valves t o  compensate f o r  a f a i l u r e .  System 
c o n d i t i o n  i s  i n d i c a t e d  on a c o n t r o l  pane l  (Fig.  I V - 1 )  t h a t  c o n s i s t s  
of an assembly schematic  w i t h  warning l i g h t s  f o r  a l l  major p o r t i o n s  
o r  modules of  t h e  assembly. Three warning l i g h t s  are a s s o c i a t e d  
wi th  each module: g reen  f o r  t h e  ope ra t ing  p a t h ;  whi te  f o r  s tandby;  
and r e d  f o r  a f a i l u r e .  

d .  F a i l u r e s  dur ing  Motor Refurbishment - Candidate  malfunc- 
t i o n  d e t e c t i o n  methods dur ing  motor re furb ishment  are o u t l i n e d  i n  
Table  I V - 1 1 .  

Movable tube  re furb ishment  f a i l u r e s  invo lve  seal  f a i l u r e s  
around t h e  motor,  door ,  and re furb ishment  tube  -- a l l  of which are 
d e t e c t a b l e  by a p r e s s u r e  gage on t h e  re furb ishment  c o n t a i n e r  -- and 
jammed door o r  r e t r a c t i o n  mechanisms, which are obvious wi thout  
au tomat ic  d e t e c t o r s .  

P a r a l l e l  t r a n s f e r  concept f a i l u r e s  i n c l u d e  o u t e r  and i n n e r  
door seal f a i l u r e s ,  which are d e t e c t a b l e  w i t h  a p r e s s u r e  gage, and 
f a i l u r e s  of t h e  motor pad r e t r a c t i o n  o r  r o t a t i o n  mechanisms, which 
are d e t e c t a b l e  by a v i s u a l  check via p o r t h o l e s  o r  by a p o s i t i o n  
i n d i c a t o r ;  a v i s u a l  check i s  p r e f e r r e d .  

The nozz le  cap approach has  f i v e  p o t e n t i a l  seal f a i l u r e s  
and a p o t e n t i a l  jamming of t h e  cap e x t e n s i o n  mechanism. F a i l u r e s  
of  t h e  nozz le  cap seal and cap hold ing  mechanism are d e t e c t a b l e  
by a cap p r e s s u r e  gage; seal f a i l u r e s  on t h e  cap ex tens ion  mecha- 
nism, t h e  motor pad, and t h e  e x t e r n a l  motor seal are a l l  d e t e c t a b l e  
by a vacuum p r e s s u r e  gage, 
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Operating Circui t  (Green), 

Standby (White)-- 
Fai 1 ure (Red)/ 

Standby (White)- 
Fai 1 ure (Red)- 

Operating Ci rcui t (Green) 1 

Operating C i rcu i t  (Green)\ 
Standby (White)- 

Fai 1 ure (Red)’ 

P R E  S S URANT 

CROSSOVER 

O X  ID I ZER 
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- 
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mm 
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Fig. IV-1 Oxidizer Feed System Control Panel 
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Tal t I V - 1 1  Malfunction Detect ion and Repair dur ing Motor Refurbishment 

RILURE 

3 

4 

- 
4 

4 
- 

4 

CANDIDATE REPAIR PROCEDURES MOTOR SYMPTOMS CANDIDATE DETECTION METHODS COMPONENT FAILURE 
lotor Refurbishment Concepts 

Movable Tube Concept 
Fa i l u re  of External  Motor Seal 

Refurbishment container 
cannot be repressur ized 
Cabin a i r  leaks t o  space 
du r ing  refurbishment 

Retract  motor I r e p a i r  seal 

A f t e r  motor refurbishment (unless leak r a t e  i s  
unacceptable), r e t u r n  door t o  stored pos i t i on ,  
remove cover, & replace seal 
Repressurize and remove container; replace seal 

Fa i l u re  o f  S l i d i n g  Door Seal Refurbishment container 
pressure gage 

Refurbishment container 
pressure gage 
Check ou t  r e t r a c t i o n  
mechanism before i n s t a l l i n g  
refurbishment container 
MOtor w i l l  not  re t rac t l ex tenc  

Fai 1 ure o f  Refurbishment 
Tube Seal 
Fa i l u re  o f  Motor Extension 
& Retract ion Mechanism 

Cabin a i r  leaks t o  space 
du r ing  motor r e t r a c t i o n  
Fa i l u re  before motor i s  
re t rac ted  

use a backup refurbishment container 

Fa i l u re  w i th  motor h a l f  
re t rac ted  

I V A  required f o r  t h i s  repa i r .  Depressurize 
ACS room & remove motor & refurbishment 
container 
Dismantle door assembly. 
door r e t r a c t i o n  mechanism 

I V A  required f o r  t h i s  repa i r .  Depressurize 
ACS room, remove motor, & r fp lace door assembly 

Reverse motor p o s i t i o n  & replace seal 

Remove & replace Fa i l u re  of S l i d i n g  Door 
Mechanism 

Lubr icate & check out door 
movement before r e t r a c t i n g  
m x o r  
D3or jammed 

Fa i l u re  before motor i s  
re t rac ted  

Fa i l u re  w i th  door h a l f  
closed 

Cabin a i r  leaks t o  space 
du r ing  motor refurbishment 
Cabin a i r  leaks i n t o  re- 
furbishment container dur- 
i n g  depressur izat ion 
Refurbishment container 
w i l l  not  ho ld  pressure 

Refurbishment container 
w i l l  no t  ho ld  pressure 

4 

4 
- 

- 
4 

- 
4 

P a r a l l e l  Transfer Concept 
Fa i l u re  o f  Outer Door Seal 

Fa i l u re  o f  Inner Door Seal 

Refurbishment container 
pressure gage 
Refurbishment container 
pressure gage 
Onsi te aud i to rv  check 

Repressurize container & replace seal 

Visual check 
Pos i t i on  i nd i ca to r  

I V A  required t o  r e p a i r  r e t r a c t i o n  mechanism. 
Depressurize ACS room, disassemble refurbishmenl 
container. & reoa i r  r e t r a c t i o n  mechanism 

Fa i l u re  o f  Motor Pad Re- 
t r a c t i o n  Mechanism 

Visual check 
Pos i t i on  i n d i c a t o r  

I V A  required t o  r e p a i r  r o t a t i o n  mechanism. 
Depressurize ACS room, disassemble refurbishmeni 
container. I reoa i r l r eo lace  r e t r a c t i o n  mechanisr 

Fa i l u re  of Motor Pad 
Rotat ion Mechanism 

4 Cap w i l l  not  ho ld  pressure Cap pressure gage 

Nozzle Cap Approach 
Fa i l u re  o f  Cap Seal I V A  required. Depressurize ACS room, r e t r a c t  

motor pad, & r e p a i r  seal 

I V A  required. Depressurize ACS room, r e t r a c t  
motor pad, & r e p a i r  cap holding clamp 
I V A  required. Depressurize ACS room, r e t r a c t  
motor pad, & r e p a i r  seal 
I V A  required. Depressurize ACS room, r e t r a c t  
motor pad, & release extension bar 
I V A  required. Depressurize ACS room. r e t r a c t  
motor Dad. & r e o a i r  seal  

4 

3 
- 

Cap pressure gage Fa i l u re  o f  Cap Holding 
Mechanism 
Fa i l u re  o f  Cap Extension Seal 

Cap w i l l  not  ho ld  pressure 

Cabin a i r  leaks t o  space Vacuum pressure gage 

4 

3 

4 

3 

- 

- 
- 

4 

4 

4 

4 

4 

4 

4 

4 

4 
- 

Failure  (Jamming) of Cap 
Extension & Turning Bar 
Fa i l u re  of Motor Pad Seal 

Motor cannot be re fu rb i she l  

Cabin a i r  leaks t o  space 

Extension ba r  jammed 

Vacuum pressure gage 

Vacuum pressure gage Attach nozzle cap & replace seal F a i l d e  of External r o t o r  Seal 

0-Ring Seal Fa i l u re  
:owhard Closure Concepts 

Cabin a i r  leaks t o  space 

I n s t a l l  new seal Motor w i l l  not  hold 
pressure 

Leak t e s t  using rubber 
nozzle p lug  -Pc transducer 

Snap Ring Approach 
Broken Snap Ring P l i e r s  

Double Bayonet Flange 
Broken o r  Damaged Bayonet 
Ring 
Jammed o r  Malfunct ioning 
Removal Tool 

Bayonet Screw Flange 
Str ipped Threads 

Broken o r  Damaged 
Bayonet Ring 

Jammed Pin 

Damaged Retainer Strap o r  Wire 

Screw Thread Fa i l u re  

Elongated B o l t  Holes 

Pin 

Bo1 ted F1 ange 

P l i e r s  w i l l  no t  remove 
snap r i n g  

Closure cannot be attached, 
removed 
Closure cannot be attached, 
removed 

Closure cannot be attached, 
removed 
Closure cannot be attached, 
removed 

Closure cannot be attached, 
removed 

Cannot at tach s t rap  o r  w i r t  

Inspect ion Use spare p l i e r s  

Inspect ion 

Inspect ion 

Replace forward c losure,  motor case, o r  both 

Use spare removal t o o l .  Repair o r  d iscard 
damaged t o o l  

Replace forward c losure,  motor case, o r  both 

Replace forward c losure,  motor case, o r  both 

Inspect ion 

Inspect ion 

Inspect ion 

Inspect ion 

Inspect ion 

Inspect ion 

Use p i n  r e t r a c t i o n  t o o l  

Replace s t rap  o r  w i re  

Use b o l t  & nu t  removal t oo l s  

Replace closure 

Cannot at tach o r  remove 
b o l t  o r  nu t  
Closure movement 
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F a i l u r e  modes f o r  t h e  f i v e  forward c l o s u r e  concepts  p r i -  
mar i ly  invo lve  jammed o r  broken components., and do n o t  r e q u i r e  
au tomat ic  d e t e c t i o n  equipment. 

4 .  Candidate Repair Procedures 

One o b j e c t i v e  of an MDS i s  t o  provide  warning of impending 
motor f a i l u r e s  so t h a t  they  can be c o r r e c t e d  dur ing  r o u t i n e  main- 
tenance (Table IV-12) o r  so t h a t  a d d i t i o n a l  maintenance can be  
performed b e f o r e  t h e  motor has  been rendered inope rab le .  Repair  
i s  de f ined  as any unscheduled maintenance, i n  response  t o  an  un- 
p r e d i c t e d  f a i l u r e ,  t h a t  i s  requ i r ed  t o  r e t u r n  t h e  system t o  normal 
ope ra t ion .  

There are t h r e e  p r i n c i p a l  levels of r e p a i r :  

1) 

2 )  Replace and send t h e  f a i l e d  p a r t  t o  an onboard work 

3) Replace and d i s c a r d  t h e  f a i l e d  p a r t .  

Repair  a f a i l e d  p a r t  i n  p l a c e ;  

shop f o r  p o s s i b l e  r ecyc l ing ;  

The level of r e p a i r  depends on comparing t h e  e f f o r t ,  f a c i l i t i e s ,  
and manhours r equ i r ed  t o  r e c y c l e  the  p a r t  w i th  t h e  resupply  e f -  
f o r t  r equ i r ed  t o  r e p l a c e  i t .  

Candidate  r e p a i r  procedures  f o r  t h e  i g n i t i o n  systems w e r e  
o u t l i n e d  i n  Table I V - 7 .  F a i l e d  o x i d i z e r  c o n t r o l  valves would be 
r ep laced .  Bad seals could b e  r e p a i r e d  onboard t h e  Space S ta t ion , .  
bu t  a mal func t ioning  a c t u a t i o n  system would probably be cons idered  
un repa i r ab le  

With t h e  sparked propane system, t h e  spa rk  plug and propane 
can b e  d iscarded;  b u t  an a t tempt  would be  made t o  r e p a i r  o r  recali- 
b r a t e  a f a u l t y  t r i p  valve. On t h e  o t h e r  hand, t h e  pyrogen i g n i t i o n  
system i s  completely d i sposab le ;  squib  o r  o t h e r  i g n i t e r  f a i l u r e s  
would b e  r e p a i r e d  by d i s c a r d i n g  and r ep lac ing  t h e  f a i l e d  p a r t .  
S i m i l a r l y ,  t h e  e l e c t r i c a l l y  hea ted  o x i d i z e r  l i n e  i g n i t i o n  system 
would r e q u i r e  no refurbishment  equipment, Burned o u t  h e a t i n g  
elements  and f a i l e d  c a p a c i t o r s  would be d i sca rded  and r ep laced .  

The f low s p l i t t e r  va lve  f o r  t h e  s p a r k - i n i t i a t e d  precombuster 
would b e  r e p a i r e d  i n  t h e  same manner as t h e  o x i d i z e r  c o n t r o l  
valve. Only seal  f a i l u r e s  could be r e p a i r e d  onboard. The precom- 
b u s t e r  g r a i n  and spa rk  source  would both  be d i sca rded  and r ep laced  
when g r a i n  d e p l e t i o n  o r  spa rk  source  f a i l u r e  occurred .  
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0-Ring 

0-Ring 

0-Rings 

,Pin 
,Strap o r  

Wire 
Retention 

B o l t s  & 
Nuts 
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Pressure Check 
t o  Ver i fy  
I n t e g r i t y  of 
0-Ring & Snap 
Ring 

Pressure Check 
t o  Verify 
I n t e g r i t y  of 
0-Ring & 
Bayonet Ring 

Pressure t o  Ver i fy  Check 

I n t e g r i t y  o f  
0-Rings & 
Attach Flange 

Pressure Check 
t o  Ver i fy  
I n t e g r i t y  of 
0-Ring & Pins 

Pressure Check 
t o  Ver i fy  
I n t e g r i t y  of 
0-Rina & Bolts 

Table IV-12 Scheduled Maintenance 

Motor Case 

CALIBRATION 
OR 

ADJUSTMENT 

Pressure Check 
t o  Ver i fy  
I n t e g r i t y  of 
Motor 

Seals a t  
Least Every 
24 Months 

@Refurbishment 
Tube & Seals 

epressure Valve 

N I A  Maintenance W i l l  
be Accomplished 
before Refurbish- 
ment 

N I A  Maintenance W i l l  
be Accomplished 
before Refurbish- 
ment 

lISUAL 
INSPECTION 

ELECTRICAL 
CHECKOUT 

PRESSURE TEST 
REMOVE & 

&HEDULED 
IALFUNCTION 
IETECTION COMPONENT LUBRICATION 

-orward Closure Retention 

Snap Ring 0-Ring V A  N I A  Snap Ring 

!ttachment 
.lange 

Maintenance W i l l  
be Accomplished 
dur ing  Refurbish- 

Maintenance W i l l  
be Accomplished 
dur ing  Refurbish- 
ment 

Double Bayonet 0-Ring U/A 

BayonetIScrew f lange 0-Rings 
Springs 
Screw Threads 

!ttachment 
-1ange 

U I A  IIA Maintenance W i l l  
be Accomplished 
dur ing  Refurbish- 

be Accomplished 
dur ing  Refurbish- 

be Accomplished 
dur ing  Refurbish- 
ment 

P in  P in  N I A  N I A  Pins 
Strap o r  
Wire 
Retention 

Bo l ts  & 
Nuts 

N I A  N I A  Bo1 ted Flange B o l t  & Nut 
Threads 

N022le Throat N/A N/A Nozzle 
Throat 
Dia. 

NIA Nozzle Maintenance W i l l  
Throat be Accomplished 

dur ing  Refurbish- I ment 

Ret rac t ion  & 
Extension 
Mechanism 

Seals Ret rac t ion  
& Exten- 
s i o n  
Mechanism 

Refurbishment 
Movable Tube .Retraction & 

Extension 
Mechanism 

.Sl iding Door 
B a l l  Bearing 

.Three-way 
Pressure 
Valve 

Extension 
Mechanism 

Mechanism 

.Retraction & 

eTurning 

P a r a l l e l  Transfer Ret rac t ion  & 
Extension 
Mechanism 
Turning 
Mechanism 

'Ret rac t ion  
& Exten- 
s ion  

Seals 

Seals 

Motor & 
C i r c u i t  
'Turning 
Motor & 

ePressure Valve 

#Work Area 
W i l l  Have 

Evacuated 

C i r c u i t  

.Cap Turning 
& Extending 
Mechanism 

sCap Locking 
Mechanism 

Ret rac t ion  & 
Extension 
Mechanism 
Turning 
Mechanism 

#Ret rac t ion  
& Exten- 
s ion  

Nozzle CaD Maintenance W i l l  
be before Accomplished Refurbish- 

Maintenance W i l l  

t i o n  dur ing  Refurbish- 

Motor Grain N I A  NIA Care Should I N/A 
be Taken i n  

Grains V e r i f y  
Fuel De- 

Proper 
in O i  r e c t i o n  the I 
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Candidate  f a i l u r e  modes f o r  o p e r a t i o n a l  f a i l u r e s  w e r e  o u t l i n e d  
i n  Table  I V - 8 .  Oxid izer  c o n t r o l  valve a c t u a t i o n  f a i l u r e s  would b e  
r e p a i r e d  by d i s c a r d i n g  and r e p l a c i n g  t h e  va lve .  I n j e c t o r  e r o s i o n  
f a i l u r e s  would b e  r e p a i r e d  du r ing  scheduled maintenance by d i s -  
ca rd ing  and r e p l a c i n g  t h e  i n j e c t o r .  Forward c l o s u r e  sea l  f a i l u r e s  
o r  a l o o s e  forward c l o s u r e  dur ing  o p e r a t i o n  would be  r e p a i r e d  imme- 
d i a t e l y  by r e p l a c i n g  t h e  seal o r  r e secu r ing  t h e  forward c l o s u r e  
and checking f o r  damage t o  t h e  forward c l o s u r e .  Expended f u e l  
g r a i n s  w i l l  be r ep laced .  The approximately 5% of r e s i d u a l  f u e l  
would b e  added t o  Space S t a t i o n  waste ( i n  t h e  movable g r a i n  des ign ,  
t h e r e  i s  no r e s i d u a l  f u e l ) .  Jammed moving g r a i n s  would be removed, 
i n s p e c t e d ,  trimmed i f  p o s s i b l e ,  r e p o s i t i o n e d ,  and r e i n s t a l l e d .  A f t  
c l o s u r e  bumthroughs ,  t h r o a t  e r o s i o n ,  and e x i t  cone burnthroughs 
would r e q u i r e  d i s c a r d i n g  and r e p l a c i n g  t h e  case /nozz le  assembly. 
Some e l e c t r i c a l  f a i l u r e s  ( e .g . ,  a bad c o n t a c t  o r  l o o s e  p lug )  could 
be  r e p a i r e d  i n  p l a c e ;  most of t h e  rest could be  r e p a i r e d  i n  a re- 
furbishment  area. 

Repai r  procedures  dur ing  motor s tandby w e r e  desc r ibed  i n  Table  
IV-9. F i t t i n g s  would be checked f o r  oxygen l e a k s  dur ing  scheduled 
maintenance. Propane l e a k  warnings would t r i g g e r  prompt checks t o  
i d e n t i f y  t h e  source  of t h e  l e a k  and r e p l a c e  t h e  f a i l e d  t r i p  valve 
or butane can. Very s m a l l  c ab in  a i r  l e a k s  p a s t  t h e  e x t e r n a l  motor 
seal would normally be r e p a i r e d  dur ing  t h e  nex t  scheduled mainte- 
nance. Cabin a i r  l e a k s  p a s t  t h e  main motor seal would r e s u l t  i n  
t h e  motor being taken  o f f  l i n e  t o  p rec lude  a seal f a i l u r e  dur ing  
t h e  next; F i r i n g ,  Maintenance would be scheduled t o  r e p l a c e  t h e  
seal  and r e t u r n  t h e  motor t o  an a c t i v e  s tandby cond i t ion .  Elec- 
trlcal. failures would be  handled i n  a s i m i l a r  manner: t h e  motor 
would be h e l d  o f f  l i n e  u n t i l  p rope r  f u n c t i o n i n g  could be r e s t o r e d .  

Repai r  procedures  dur ing  motor re furb ishment  were o u t l i n e d  i n  
Table IV-18. 

Moat; movable tube  re furb ishment  f a i l u r e s  can b e  r e p a i r e d  i n  a 
shir toleeve environment.  The re furb ishment  tube  and s l i d i n g  door 
eeals and r e t r a c t i o n  meehanisms can b e  checked b e f o r e  r e f u r b i s h -  
menc, 
seplaeed, 
the mogsr and r e p l a c i n g  t h e  seal. There i s  an extremely s m a l l  
p o s s i b i l i t y  a f  t h e  motor o r  door r e t r a c t i o n  mechanism jamming, 
dewpite a prerefurb ishment  check. I f  t h i s  happens,  t h e  A P S  room 
eould be dep res su r i zed  a t  a convenient  t i m e  and t h e  jammed r e f u r -  
bishment mechanism could be r ep laced  v ia  I V A ,  
t h e  o p e r a t i o n a l  s t a t u s  of t h e  o t h e r  motors.  

A malfunct ioning  component could e i t h e r  be  r e p a i r e d  o r  
An e x t e r n a l  seal f a i l u r e  would be  r e p a i r e d  by r e t r a c t i n g  

This  would n o t  a l t e r  
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The p a r a l l e l  t r a n s f e r  concept h a s  redundant seals t h a t  v i r t u -  
a l l y  e l i m i n a t e  t h e  p o s s i b i l i t y  of a c a b i n  l e a k .  The access door 
o r  motor pad seals can be  r e p l a c e d  wi thout  r e s o r t i n g  t o  I V A .  How- 
ever, a f a i l u r e  of  e i t h e r  t h e  r e t r a c t i o n  mechanism o r  t h e  motor 
pad r o t a t i o n  mechanism would r e q u i r e  I V A  f o r  r e p a i r .  

The nozz le  cap approach h a s  f i v e  f a i l u r e  modes t h a t  r e q u i r e  
i n t e r n a l  v e h i c u l a r  a c t i v i t y  f o r  r e p a i r .  F a i l u r e  of t h e  cap seal, 
t h e  cap e x t e n s i o n  seal, o r  t h e  motor pad seal w i l l  r e q u i r e  I V A  
f o r  replacement .  I n  a d d i t i o n ,  jamming of t h e  cap hold ing  mecha- 
n i s m  o r  cap e x t e n s i o n  b a r  would r e q u i r e  I V A .  F a i l u r e  of t h e  
e x t e r n a l  motor sea l  could be  r e p l a c e d  by s e c u r i n g  t h e  nozz le  cap 
and withdrawing t h e  motor. 

The f i v e  forward c l o s u r e  concepts  have widely d i f f e r e n t  r e p a i r  
requirements .  A l l  f i v e  are s u b j e c t  t o  c u t  o r  d e f e c t i v e  O-rings, 
which would be r e p l a c e d .  
s p a r e  p l i e r s .  Jamming of the forward c l o s u r e  w a s  considered 
u n l i k e l y  i n  t h e  snap r i n g ,  p i n ,  o r  b o l t e d  f l a n g e  concepts .  How- 
ever, i n  t h e  double  bayonet and bayonet lscrew approaches,  a 
broken o r  damaged bayonet r i n g  o r  s t r i p p e d  t h r e a d s  are p o s s i b l e .  
These f a i l u r e s  would be  r e p a i r e d  by d i s c a r d i n g  and r e p l a c i n g  t h e  
forward c l o s u r e ,  t h e  case, o r  t h e  e n t i r e  motor assembly. 

Broken snap r i n g  p l i e r s  would r e q u i r e  

The r e p a i r  sequence f o r  t h e  s e l e c t e d  conceptua l  QFA i s  de- 
s c r i b e d  i n  Table  I V - 1 3 .  

D. MAINTENANCE 

Maintenance i s  l i m i t e d  t o  scheduled maintenance, which i s  a 
p r e v e n t i v e  measure t o  keep a l l  systems,  subsystems, and components 
i n  a predetermined c o n d i t i o n ,  
t y p i c a l  scheduled maintenance i t e m .  
placement w i l l  r e t u r n  a d e f e c t i v e  system t o  i t s  d e s i r e d  o p e r a t i o n a l  
c a p a b i l i t i e s  a 

A f i l t e r  replacement would be a 
Maintenance by r e p a i r  o r  re- 

Scheduled maintenance h a s  two o b j e c t i v e s :  t o  d i s c o v e r  i n c i p i -  
e n t  mal func t ions  and t o  prevent  mal func t ions  and breakdowns. 
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The following scheduled maintenance functions have been con- 
sidered in this study: 

1) Servicing: 

a) Lubrication, 

b) Calibration, 

c) Adjustment, 

d) Cleaning; 

2) Routine removal and replacement; 

3) Inspection: 

a) Leak test, 

b) Pressure check, 

c) Visual inspection, 

d) Electrical checkout verification. 

When the control motors are operating, malfunction detection 
will be performed by the Space Station crew and equipment. 

Maintenance of the control motors falls into one of the follow- 
ing areas: 

1) Ignition devices; 

2) Forward closure attachment devices; 

3)  Motor refurbishment devices; 

4 )  Motor grains; 
5) Oxidizer feed assembly. 

These are discussed in detail in the following subsections, 

1. Ianit ion Devices 

a. Butane or Propane Spark-Initiated Precombuster - A butane 
or propane-filled canister is attached to a trip valve. The trip 
valve pulses, allowing a quantity of gas to mix with the oxidizer 
flowing through the oxidizer control valve. The gas mixture is 
ignited by a spark plug, and the hot gas mixture is injected into 
the motor, igniting the grain. 
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Scheduled maintenance i s  performed dur ing  motor g r a i n  
re furb ishment .  A t  t h i s  t i m e ,  t h e  spa rk  p lug ,  spa rk  plug g a s k e t ,  
gas  c a n i s t e r ,  and seal  are rep laced .  Then t h e  t r i p  va lve  i s  
l u b r i c a t e d  and c a l i b r a t e d ,  and t h e  o x i d i z e r  valve i s  l u b r i c a t e d .  
Once t h e  o x i d i z e r  valve i s  c losed  and t h e  i n j e c t o r  nozz le  is  
plugged,  t h e  i g n i t i o n  system i s  l eak - t e s t ed .  

b ,  Pyrogen Hot G a s  I g n i t e r  - The pyrogen i g n i t e r  must be  
The pyrogen i g n i t e r  cons idered  re loaded  a f t e r  each i g n i t i o n .  

f o r  use  on t h e  sp in /desp in  motor r e q u i r e s  a s i n g l e  re furb ishment  
c y c l e .  Scheduled maintenance i s  performed concur ren t ly  w i t h  t h e  
re furb ishment  func t ion .  The i g n i t e r  i s  re fu rb i shed  wi th  a f r e s h  
squ ib  and p r o p e l l a n t  c a r t r i d g e ,  t h e  seal a t  t h e  i g n i t e r - t o - c l o s u r e  
i n t e r f a c e  i s  rep laced ,  t h e  o x i d i z e r  c o n t r o l  valve i s  l u b r i c a t e d ,  
and t h e  e lec t r ica l  cab le  i s  checked. A f t e r  s e r v i c i n g ,  t h e  oxi- 
d i z e r  c o n t r o l  valve i s  c losed ,  t h e  o x i d i z e r  i n j e c t o r  nozz le  i s  
plugged, and t h e  system i s  l eak - t e s t ed .  The o p e r a t i o n  of t h e  
squ ib  electrical  cab le  i s  checked b e f o r e  i g n i t i o n .  

c. E l e c t r i c a l l y  Heated Precombuster - The o x i d i z e r  i s  hea ted  
b e f o r e  be ing  i n j e c t e d  i n t o  t h e  combustion chamber. During motor 
g r a i n  re furb ishment ,  t h e  h e a t e r  h e a t i n g  element is rep laced  and 
t h e  o p e r a t i n g  c a p a b i l i t y  of t h e  e l e c t r i c a l  c o n t r o l  cab le  i s  veri-  
f i e d .  The o x i d i z e r  c o n t r o l  v a l v e  i s  l u b r i c a t e d  and t h e  e lec t r ica l  
c o n t r o l  c a b l e  o p e r a t i o n  v e r i f i e d .  
c losed  wi th  t h e  o x i d i z e r  i n j e c t o r  plugged and t h e  system leak-  
t e s t e d .  

The o x i d i z e r  c o n t r o l  valve 

d .  Spa rk - In i t i a t ed  Precombuster - A s m a l l  q u a n t i t y  of o x i -  
d i z e r  i s  allowed t o  f low from t h e  o y i d i z e r  c o n t r o l  valve through 
t h e  PMM precombuster g r a i n ,  A s u r f a c e  spa rk  i g n i t e s  t h e  precom- 
b u s t e r  g r a i n ,  which exhaus t s  i n t o  t h e  motor chamber and combines 
wi th  t h e  o x i d i z e r  t o  i g n i t e  t h e  motor g r a i n ,  

Scheduled maintenance i s  performed concur ren t ly  w i th  re- 
furb ishment ,  A t  refurbishment  t h e  PMM g r a i n ,  t h e  spa rk  sou rce  
b a t t e r y ,  t h e  tungs t en  e l e c t r o d e s ,  and t h e  seals are r ep laced ,  the  
o x i d i z e r  c o n t r o l  valve is  l u b r i c a t e d ,  and t h e  e lec t r ica l  c o n t r o l  
c a b l e  o p e r a t i o n  i s  v e r i f i e d .  A f t e r  re furb ishment ,  t h e  o x i d i z e r  
c o n t r o l  valve i s  c losed ,  t h e  i n j e c t i o n  nozz le  i s  plugged, and the 
i g n i t i o n  system i s  l e a k - t e s t e d ,  

2 .  Forward Closure Attachment Devices 

a,  Snap Ring - A snap r i n g  p l i e r  i s  used t o  h e l p  assemble t h e  
forward c l o s u r e  t o  t h e  motor case .  During re furb ishment ,  t h e  
forward c l o s u r e  O-ring seal i s  rep laced .  A f t e r  being assembled, 
t h e  motor i s  p r e s s u r e  t e s t e d  t o  v e r i f y  t h e  i n t e g r i t y  of t h e  O-ring 
and snap r i n g .  
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b .  Double Bayonet - I n  t h e  double  bayonet concept ,  a r i n g  
a c t u a t e d  by a hand g r i p  t o o l  i s  used t o  a t t a c h  t h e  forward c l o s u r e  
t o  t h e  motor c a s e ,  During re furb ishment ,  t h e  forward c l o s u r e  
O-ring seal  i s  r ep laced .  A f t e r  being assembled, t h e  motor i s  
p r e s s u r e  t e s t e d  t o  v e r i f y  t h e  i n t e g r i t y  of t h e  O-ring and t h e  
bayonet r i n g .  

c. Combination Bayonet and Screw Attachment - The forward 
a t tachment  f l a n g e  i s  i n  two p a r t s :  a bayonet e x t e r n a l  r i n g  en- 
gages t h e  motor case and i s  he ld  i n  p o s i t i o n  by f o u r  s p r i n g s ;  t h e  
c l o s u r e  f l a n g e  i s  screwed t o  t h e  motor case. During r e f u r b i s h -  
ment, t h e  forward c l o s u r e  O-ring seal i s  r ep laced  and t h e  s p r i n g s  
and th reads  on t h e  c l o s u r e  are l u b r i c a t e d .  A f t e r  assembly, t h e  
motor i s  p r e s s u r e  t e s t e d  t o  v e r i f y  t h e  i n t e g r i t y  of t he  O-ring and 
c l o s u r e  a t tachment .  

d .  P in  - The forward c l o s u r e  i s  a t t a c h e d  and he ld  t o  t h e  c a s e  
by f o u r  r a d i a l  p i n s  t h a t  i n c o r p o r a t e  e i t h e r  a s t r a p ,  w i r e ,  o r  t a p e  
r e t e n t i o n  des ign .  A p i n  e x t r a c t i o n  t o o l  i s  used t o  e x t r a c t  t h e  
p i n s  dur ing  re furb ishment .  The f l a n g e  w i l l  have an al ignment  key 
t o  f a c i l i t a t e  a l i g n i n g  t h e  c l o s u r e  h o l e s  t o  t h e  case h o l e s .  Dur- 
i n g  re furb ishment ,  t h e  forward c l o s u r e  O-ring seal  i s  rep laced .  
Af t e r  asselrrbly, t h e  motor i s  p r e s s u r e  t e s t e d  t o  v e r i f y  t h e  i n t e g -  
r i t y  fif t h e  O-ring. 

1_1_ 

e .  - The forward c l o s u r e  i s  b o l t e d  i n  f o u r  
places t o  t h e  case, S m a l l  hand t o o l s  are r e q u i r e d  t o  remove and 
i n s t a l l  t h e  at tachment  b o l t s  and n u t s .  During r e fu rb i shmen t ,  t h e  
forward c l o s u r e  O-ring seal i s  r ep laced .  A f t e r  assembly, t h e  
motor i s  p r e s s u r e  t e s t e d  t o  v e r i f y  t h e  i n t e g r i t y  of t h e  O-ring. 

___ 3 .  - Motor .. _I- , -  Refurbishment I - .  Devices 

Each of  t h e  t h r e e  refurbishment  concepts  cons idered  below 
o f f e r s  a B h i r t s l e e v e  environment f o r  t h e  replacement  of motor 
grains  

a ,  Movable Tube - A t ube  wi th  s l i d i n g  door i s  a t t a c h e d  be- 
neath t h a % & t b r  t g b e  r e f u r b i s h e d .  
the e l i d i n g  door  aeals t h e  motor opening i n  t h e  o u t e r  s k i n .  
EQ the  motor is through an access  door a t  t h e  bottom of t h e  tube .  
Before operzlng che access  door ,  t h e  p r e s s u r e  w i t h i n  t h e  tube  i s  
squalPzed go t h a t  w i t h i n  t h e  cab in  of t h e  Space S t a t i o n .  

When t h e  motor i s  r e t r a c t e d ,  
Access 
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Before a t t a c h i n g  t h e  re furb ishment  tube ,  a v i s u a l  inspec-  
t i o n  i s  made of  t h e  seals on t h e  s l i d i n g  door and on t h e  access 
door ,  as w e l l  as t h e  b a l l  b e a r i n g  r o l l e r s  on t h e  s l i d i n g  door.  
The seals w i l l  be  r ep laced  if they  appear  worn o r  b r i t t l e .  The 
b a l l  bea r ing  r o l l e r s  w i l l  be l u b r i c a t e d .  Once every  24 months, 
t h e  seals w i l l  b e  r ep laced .  
nism w i l l  b e  checked f o r  proper  o p e r a t i o n ,  ad jus tment ,  and 
l u b r i c a t i o n ,  
t i o n ,  and l u b r i c a t e d  i f  necessa ry .  Once t h e  movable tube i s  i n  
p l a c e ,  t h e  crew w i l l  p r e s s u r e  check t h e  tube  and v e r i f y  t h e  in t eg -  
r i t y  of t h e  seals. 

The r e t r a c t i o n  and ex tens ion  mecha- 

The p r e s s u r i z a t i o n  v a l v e  w i l l  be  checked f o r  opera- 

b.  Paral le l  Trans fe r  - The motor a t t a c h e d  t o  t h e  o u t e r  s k i n  
p a n e l  is lowered i n t o  a re furb ishment  chamber. The motor and 
p a n e l  are r e v e r s e d ,  p o s i t i o n i n g  t h e  motors on t h e  i n s i d e  of  t h e  
chamber when t h e  s k i n  p a n e l  i s  extended back i n t o  p o s i t i o n .  
re furb ishment  of t h e  g r a i n  i s  accomplished through a chamber 
access door.  

The 

Before re furb ishment ,  t h e  crew w i l l  v i s u a l l y  i n s p e c t  t h e  
s k i n  pane l  reverse seal and t h e  access  door seal and r e p l a c e  t h e  
seals I f  they are worn o r  b r i t t l e .  
least every 24 months. The crew w i l l  a l s o  l u b r i c a t e  t h e  retrac- 
t i o d e x t e n s i o n  and r e v e r s i n g  mechanism and motors ,  v e r i f y  t h e  
operocion o f  t h e  p r e s s u r e  v a l v e ,  p r e s s u r e  check t h e  chamber t o  
v e r i f y  t h e  i n t e g r i t y  of t h e  chamber seal, and e l e c t r i c a l l y  v e r i f y  
t h e  e l e c t r i c a l  c o n t r o l  cab le .  

The seals w i l l  b e  r ep laced  a t  

During re furb ishment ,  t h e  crew w i l l  v i s u a l l y  i n s p e c t  t h e  
motor s i d e  environmental  seal and r e p l a c e  i t  i f  i t  i s  worn o r  
b r i t t l e .  T h i s  seal should be r ep laced  a t  least  every  24 months. 

e *  Nozzle CaE - I n  t h e  nozz le  cap concept ,  t h e  motor i s  sta- 
t i o n a r y  Z a k 6 v a b l e  nozz le  cap r o t a t e s  i n t o  p o s i t i o n  t o  seal t h e  
motor nozzle  du r ing  re furb ishment .  

Before refurbishment, t h e  o p e r a t i o n  o f  t h e  p r e s s u r e  v a l v e  
w i l l  be chacked, The e x t e n s i o n l r e t r a c t i o n  and r o t a t i o n  mechanisms 
will be l u b r i c a t e d ,  The cap lock ing  mechanism w i l l  be l u b r i c a t e d .  
Beale w i l l  be  r ep laced  a t  least  once every  24 months. 
ths gealg,  t h e  motor room w i l l  b e  evacuated and t h e  crew w i l l  
Wear p r s t e c t i v e  c l o t h i n g e  

To replace 
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4. Motor Gra ins  

The motor g r a i n s  w i l l  be rep laced  dur ing  scheduled motor re- 
furbishment .  Before r e p l a c i n g  a g r a i n ,  a v i s u a l  i n s p e c t i o n  w i l l  
be made t o  determine i f  any d i s c r e p a n c i e s  e x i s t .  The seal used 
wi th  the  moving g r a i n  concept  w i l l  be r ep laced  dur ing  each re- 
furbishment .  Care should be  taken  t o  i n s e r t  t h e  g r a i n  i n t o  t h e  
motor i n  i t s  proper  p o s i t i o n .  A f t e r  re furb ishment ,  t h e  motor 
w i l l  be  p r e s s u r e  checked t o  v e r i f y  t h e  i n t e g r i t y  of t he  motor 
case. 

5. O x i d i z e r  Feed Assembly 

A conse rva t ive  approach has  been fol lowed f o r  t h e  OFA, We 
have assumed t h a t  each component of t h e  assembly system w i l l  be  
r ep laced  be fo re  i ts  o p e r a t i n g  l i f e  i s  exceeded. This  assumption 
has  been inco rpora t ed  i n  t h e  scheduled maintenance estimates. 
Table I V - 1 4  p r e s e n t s  t he  e s t ima ted  l i f e  l i m i t a t i o n s  of t h e  com- 
ponents  t h a t  compose t h e  v a r i o u s  cand ida te  o x i d i z e r  feed  systems.  

Valves are t h e  most c r i t i c a l  components i n  t h e  feed  system. 
It i s  be l i eved  t h a t  h i g h - r e l i a b i l i t y  v a l v e s  can be ob ta ined  with 
a 3- t o  5-year ca l enda r  l i f e ,  depending on seal material and valve 
type .  Cycl ic  l ives  i n  excess  of 1 m i l l i o n  c y c l e s  are o b t a i n a b l e .  
Therefore ,  w e  recommend t h a t  a l l  v a l v e s  be r ep laced  e i t h e r  a f t e r  
3 y e a r s  i n  space  o r  a f t e r  a combined ground and space environment 
l i f e  of 5 y e a r s  s o  t h a t  t h e i r  ca l enda r  l i f e  i s  not  exceeded. 

The t o t a l  u s e f u l  l i f e  ( t e r r e s t r i a l  and s p a t i a l )  o f  t h e  t r ans -  
ducers  i s  5 y e a r s ,  p e r  NASA-MSC s p e c i f i c a t i o n  MSC-KA-SD-68-1, 
Assuming a 2-year l i f e  b e f o r e  launch,  t h e  s p a t i a l  l i f e  of a trano- 
ducer  i s  3 y e a r s .  Mart in  Marietta's exper ience  i n d f c a t e s  tha t  
these  estimates are e s s e n t i a l l y  c o r r e c t .  

To minimize t o t a l  maintenance t i m e ,  i d e n t i c a l  components/mod= 
u l e s  t h a t  r e q u i r e  replacement can be r ep laced  a t  t h e  eame time, 
sav ing  p r e p a r a t i o n  and travel t i m e .  We assumed h a l f  of the fil- 
ters are rep laced  a f t e r  each p r e s s u r a n t  and o x i d i z e r  resupply  
(every 6 months).  

If a l l  t h e  components w i th  3-year l i v e s  were rep laced  dur ing  
one maintenance pe r iod ,  a v a i l a b l e  crew t i m e  might be exceedede 
Therefore ,  w e  sugges t  t h a t  only h a l f  of t h e  valves, eompopents, 
and t r ansduce r s  be r ep laced  a t  one pe r iod .  The componenta i n  t h e  
h a l f  of t h e  system t h a t  w a s  a c t i v e  immediately a f t e r  o r b i t  i n s e r -  
t i o n  should be  r ep laced  f i r s t  a f t e r  3, 6 ,  and 9 y e a r s ,  Components 
i n  t h e  i n i t i a l l y  redundant s tandby h a l f  of t h e  APS should be re- 
plac2d a t  3% and 64 y e s r s .  
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Table IV-14 Estimated Li fe  of Oxidizer Feed System Components 

IV-35 

COMPONENT 

Valves 
Solenoid Valves 
Feed1 i ne 
Check Valves 
Pressure Re1 i e f  Valve 
Burst Disc 
Pressure Regulators 
Three-way Valves 
Quick Disconnects 

Pressurant Sphere [0-22,048 k N / m 2 (  0-3200 
ps ig)  - 0 = 1 cycle] & 1 /2  Quick 
Disconnect 

F i l t e r  Bodies '(Change F i l t e r  Element 
Once a Year) 

Propel 1 an t  Tanks 
Shell 10-1509 kN/m2(0-219 p s i g )  - 
(9 p s i g )  = 1 cycle] 

Transducers 

SPATIAL LIFE LIMITATIONS 

CYCLES 

100,000 
100,000 

5,000 
3,000 
-- 

5,000 
5 ,OOOt 

400 

400 

-- 
100 

2,000 
-- 

REF* 

a 
a 
a 
a 

-- 
a 
C 

a 

a 

-- 
a 

a 
-- 

YEARS 

3 
2 
3 
3 
3 
2 
3 
2 

2 

10 
10 

10 
3 

REF* 

b 
a 
b 
b 

b 
a 
b 
a 

a 

C 

C 

C 

d 

References : a .  Workshop At t i tude ControZ System (WACS), PropuZsion ModuZe Component 
Description Document. S&E-ASTN-PAS, 3-25-69. 

Marietta Corporation, Denver, Colorado, December 1968. 

Experiment Genera2 Requirement Document - AAP. 
E G R D  useful l i f e  spec i f ica t ion  f o r  transducers i s  5 y r ,  assumed 
t e r r e s t r i a l  l i f e  i s  2 y r .  

b .  Handbook of Long-Life Space Vehicle Investigations.  M-68-21. Martin 

c. General Data Indication. 
d .  MSC-KA-6D-68-1 (Rev B) . 

'Minimum. 
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Primary scheduled maintenance for the OFA consists of: 

1) 
2) Replacing filter elements< 

3)  Testing the fittings for leaks. 

Checking the pressure in the system; 

ures are checked before and after each resupply. Thi Pres is 
estimated to require 10 minutes per OFA, or 20 minutes per resup- 
ply. The total pressure-monitoring time per year is 80 minutes, 
assuming a resupply every 90 days. 
the remaining scheduled maintenance functions are presented in 
Table I V - 1 5 .  

The crew times required for 

The total estimated scheduled maintenance time per year for 
the OFAs is 286 minutes. 

E. ONBOARD SERVICING AND REPAIR 

Onboard servicing and repair requirements for the hybrid A P S  
The location of the OFA have been evaluated in six primary areas. 

on the Space Station was considered, as well as the subsequent 
layout of the lower deck of the Space Station, in order to deter- 
mine the proper location of A P S  thrusters and maintenance facil- 
ities. Three motor pad configurations were designed to contrast 
the requirements of the three primary motor refurbishment con- 
cepts. Components and spares requirements were evaluated for 
candidate A P S  component designs. Required maintenance, repair, 
and handling equipment was examined and evaluated. 
refurbishment tasks and completion times were evaluated for the 
A P S .  

Finally, 

1. %ace Allocation for Oxidizer Feed Assemblv 

Five conceptual designs were made to determine the optimum 
location of the OFA in terms of removal, compactness, and safety. 
Consideration was given to storing half the oxidizer and pres- 
surant at each end of the Station to eliminate degradation of the 
operation of the assemblies in case of meteoroid impact. In all 
of the designs, the thruster modules were located at the aft end 
of the Station on the first deck level. 
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Table IV-15 Est imated Crew Time f o r  Scheduled Maintenance 

FUNCTION CREW TIME PER OFA (minutes) 

Review Procedures 4 
Obta in  Spares 3 

Trave l  t o  Assemb y 5 

Remove Cover 10 

Repl ace F i  1 t e r  3 
T igh ten  F i t t i n g s  (1/2 minu te  Each) 58 

Repl ace Cover 10 
Return from Assembly Stow Gear 5 

Perform A d m i n i s t r a t i v e  Funct ions - 5 

TOTAL .PER ASSEMBLY 103 
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The concepts  cons idered  were: 

S p l i t  assembl ies  l o c a t e d  on t h e  f i f t h  deck,  w i t h  
l i n e s  running a long  t h e  c e n t r a l  t unne l  [F ig .  IV-2(a)] ;  

Two assembl ies  l o c a t e d  on t h e  f i r s t  deck,  w i t h  l i n e s  
a long t h e  o u t e r  w a l l  and i n t e r i o r  of t h e  S t a t i o n  
[F ig .  IV-2(b)];  

Two assembl ies  l o c a t e d  on t h e  f i f t h  deck,  w i th  resup-  
p l y  l i n e s  a long  t h e  c e n t r a l  t u n n e l  and f e e d l i n e s  
a long t h e  o u t e r  w a l l s  [F ig .  IV-2(c)] ;  

S p l i t  assembl ies  l o c a t e d  on t h e  f i r s t  deck,  w i t h  t h e  
f eed  and resupply  l i n e s  running a long  t h e  o u t e r  w a l l  
[F ig .  IV-2(d)l;  

S p l i t  assembl ies  l o c a t e d  on t h e  f i r s t  and f i f t h  decks,  
wi th  f e e d  and resupply  l i n e s  running a long  t h e  o u t e r  
walls [ F i g ,  IV-2 ( e )  ] . 

There are o t h e r  combinations t h a t  can be  cons idered ,  such as run- 
n ing  l i n e s  a long  t h e  c e n t r a l  w a l l  o r  o u t e r  w a l l  f o r  v a r i o u s  deck 
combinations.  

I n  t he  s e l e c t e d  concept ,  t h e  o x i d i z e r  assembl ies  are l o c a t e d  
on Flie f i r s t :  deck [F ig .  IV-2(c)] ,  Redundancy i s  provided by 
having connec t ions  between t h e  assembl ies  and by being a b l e  t o  
resupply  from e i t h e r  a s i d e  o r  t h e  end docking p o r t .  This  con- 
c e p t  was s e l e c t e d  because i t  w a s  t h e  s i m p l e s t  and involved  t h e  
fewest: number of l i n e s ,  This  approach minimizes t h e  p o t e n t i a l  
f o r  l e a k s  and meteoroid impacts ,  and a l s o  minimizes t h e  volume 
requ i r ed  f o r  t h e  OFAs.  

2 .  Pro_pulsion - -. &omp,a_rtment Design 

A l l  maintenance,  repair ,  and checkout of t h e  hybr id  A P S  w i l l  
be accomplished i n  t h e  two p ropu l s ion  compartments shown i n  
F i g .  I V - 3 .  The Space S t a t i o n  i s  10 m (33 f t )  i n  d iameter  and has  
a 3-n ( IQ-f t )  d iameter  access tube  i n  t h e  c e n t e r .  The f loo r - to -  
c e i l i n g  h d g b t  i a  2 m (80 i n . ) .  On t h e  lower deck, two 1 . 5 - m  
(T-ft) diameter  docking access tubes ,  180 deg a p a r t ,  ex tend  from 
the  e x t e r i o r  wal l  t o  t h e  cen t ra l  access  tube .  

The lower deck has  been sec t ioned  i n t o  a p ropu l s ion  hand l ing /  
re furb ishment  area and an a d m i n i s t r a t i v e  area f o r  each t h r u s t e r  pad. 
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T h i s  Area Is Normally under  Space S t a t i o n  Environment, 
b u t  Can Be Evacuated t o  Vacuum Cond i t ions  

F ig .  1VF3 Onboard S e r v i c i n g  P ropu l s ion  Compartment Layout 
Scale: 1 i n .  = 4 f t  
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The re furb ishment  work area w i l l  b e  completely enc losed ,  p r o v i d i n g  
f o r  an evacuat ion  of  t h e  area should I V A  maintenance be  r e q u i r e d .  
The refurbishment  work area provides  f o r  removal, i n s t a l l a t i o n ,  
s e r v i c i n g ,  r e p a i r ,  and s t o r a g e  of  APS motors and s p a r e  p a r t s .  A 
p o r t i o n  of t h e  motor compartment, s e p a r a t e  from t h e  re furb ishment  
work area, w i l l  serve as a n  a d m i n i s t r a t i v e  area f o r  t h e  s t o r a g e  of 
i n v e n t o r y  r e c o r d s ,  maintenance procedure manuals, and w i l l  serve 
as t h e  motor refurbishment  o b s e r v a t i o n  area dur ing  I V A  motor r e p a i r .  

The s p i n / d e s p i n  motors,  because of t h e i r  g r e a t e r  s i z e ,  r e q u i r e  
more room dur ing  handl ing  and s e r v i c i n g  t h a n  t h e  smaller a t t i t u d e  
c o n t r o l  motors.  The space r e q u i r e d  i n  t h e  motor compartment i s ,  
t h e r e f o r e ,  p r e d i c t e d  on s e r v i c i n g  t h e  s p i n l d e s p i n  motors.  
desp in  motor and tube assembly i s  approximately 1.37 m (4.5 f t )  
l ong ,  approximately 0.5 m (1.5 f t )  i n  d iameter ,  and weighs 127 
kg (280 l b )  f u l l y  loaded.  The motor and refurbishment  tube  assembly 
i s  loaded onto  a d o l l y  and moved t o  t h e  refurbishment  area f o r  
s e r v i c i n g .  The removal and i n s t a l l a t i o n  area i s  5.6 sq  m (60 s q  
f t )  and t h e  s e r v i c i n g  area i s  3.7 sq m (40 sq  f t ) .  

The s p i n /  

A 2.8-sq-m (30-sq-ft) work t a b l e ,  used f o r  s e r v i c i n g  and ad- 
jus tment ,  i s  provided i n  t h e  refurbishment  area. During s tandby 
o p e r a t i o n  of t h e  ACS propuls ion  system, t h e  refurbishment  area can 
be used f o r  o t h e r  Space S t a t i o n  r e p a i r  and service f u n c t i o n s .  
S torage  space i s  provided around t h e  work t a b l e  f o r  replacement 
f u e l  g r a i n s ,  i g n i t e r  p a r t s ,  O-rings, s p a r e  motor cases, hand t o o l s ,  
valves, f i l t e r s ,  and f a c i l i t y  equipment. 

3 .  Attitude Control Motor Facility Requirements 

S i x t e e n  A P S  motors c o n t r o l  t h e  p i t c h ,  yaw, and r o l l  o f  t h e  
Space S t a t i o n .  Each motor i s  178 mm (7 i n . )  i n  d iameter ,  762 mm 
(30 i n . )  l ong ,  and h a s  a loaded weight of 16  kg ( 3 5  a b ) .  The 
motors are mounted on two 8-motor pads ,  $80 deg a p a r t .  
motors can be  f i r e d  i n d i v i d u a l l y  o r  i n  p a i r s  t o  provide  redundant 
c o n t r o l  of p i t c h ,  yaw, and r o l l .  A f t e r  approximately 406 8ec af 
o p e r a t i o n ,  t h e  motors w i l l  r e q u i r e  new f u e l  g r a i n s  and a g e n e r a l  
refurbishment  and checkout.  
considered and are d iscussed  i n  t he  fo l lowing  t h r e e  sect ions,  At -  
t i t u d e  c o n t r o l  motor refurbishment  s p a r e s  are l i s t e d  i n  Table Itb-L.6, 

The 1 6  

Three re furb ishment  concepts we%@ 

a ,  Movable Tube Refurbishment Concept - The two c a n d i d a t e  
l a y o u t s  f o r  t h e  movable tube  t h r u s t e r  pads are shown i n  F i g .  I V - 4 ,  
The s t r a i g h t  nozz le  approach shown on the  l e f t  uses  a 2x2-tp 
(80x80-in.) t h r u s t e r  pad t h a t  is  r a i s e d  0.3 m (12 i n . )  t o  a l l o w  
t h e  e i g h t  ACS motors t o  be  extended and r e t r a c t e d  pe  
t h e  pad and s t i l l  p o i n t  i n  t h e i r  r e q u i r e d  d i r e c t i o n s .  The canted 
nozz le  approach shown on t h e  r i g h t  u s e s  a f l u s h  2,4x2-m (96, 
80-in.)  t h r u s z s r  pad, A l l  APS motors are  extended perpendicul3r  
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Tab1 e IV-16 Atti tude Control Motor Refurbishment Faci 1 i ti  es and Spares 

REFURBISHMENT APPROACt 

Movable Tube 

Para1 1 el  Transfer 

Nozzle Cap 

FACILITIES & EQUIPMENT 

2 Raised Thruster Pads 2 x 2  x 0 . 3 1  
(80 x 80 x 12 i n . )  o r  2 Flusi 
2x2.4-m (80x96-i n a ) Pads 

2 Complete Refurbishment Tube & 
Door Assembl ies 

2 Flush Thruster Pads 2 x 2.3 m 
(80 x 90 i n . )  
16 Chambers 
32 Elec t r ic  Motors 
48 Seals 
16 Motor Mounting Plates  
16 Retract i on/ Ex tens i on 

16 Reversing Mechani sms 
Mechanisms 

2 Raised Thruster Pads 1.8 x 1.8 
x 0.3 m (69 x 69 x 12 i n . )  
16 Nozzle Caps 
16 Retraction/Extension 

Mechanisms 
16 Locking Mechanisms 
16 Nozzle Cap Seals 
16 Motor Attach Seals 
16 S k i n  Seals 

SPARES 

1 Spare Refurbishment 
Tube 

1 Spare Door Assembly 
12 Replacement External 

Motor Seals 
2 Sets of Replacement 

Refurbishment Seals 
Door Seal 
Door Assembly Seal 
Ref urbi s hment Tu be 

Seal 
Refurbishment Tube 

Door Seal 

1 Spare 
2 Spares 
6 Spares 
1 Spare 
1 Spare 

1 Spare 

1 Spare 
1 Spare 

1 Spare 
2 Spares 
2 Spares 
2 Spares 
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to the top surface of the pad. The nozzles are oriented to pro- 
vide thrust in the proper direction. 

Both motor design approaches are refurbished in the same 
manner. During standby or motor operation, the forward closures, 
ignition system, oxidizer control valves, and electrical lines 
would be protected by a cover. During refurbishment, the cover 
would be removed and a sliding door assembly would be installed. 
A motor refurbishment container would be connected over the door 
assembly. The motor would then be withdrawn into the tube and 
the sliding door would be closed. The motor could then be re- 
furbished in place (as shown) or moved to the maintenance area 
for inspection and repair. All components (the door assembly, 
the refurbishment tube, and the loaded motor) would weigh less 
than 111 k g p  lb 
handled by one man. 

in a 0.7-g environment and could be easily 
m) 

Major A P S  facilities required for the movable tube con- 
cept include thruster pads, refurbishment equipment, and spares. 
Both motor designs require two floor-to-ceiling thruster pads. 
The straight nozzle pad is only 2 m (80 in.) wide -- vs 2.4  m 
(96 in.) for the canted nozzle) -- but it is also raised 0 , 3  m 
(12 in.). 
The thruster pads will have GOX, electrical, and instrumentation 
lines for each motor, as well as brackets to hold the refurbish- 
ment door assemblies. 

This will require an aerodynamic fairing during launch. 

Three sets of refurbishment containers and door assemblles 
are sufficient for the 16 A P S  motors. This would allow two simul- 
taneous motor refurbishments, while holding one refurbishment tube 
and door assembly in reserve as a spare, Several sets of door 
and refurbishment container seals would be carried as replaca- 
ments. Sixteen forward closure caps would also be required t o  
protect the motor during operation and standby and to provide re- 
dundant forward closure retention. 

b, Parallel-Transfer Refurbishment Concept - The parallel 
transfer thruster pad design is shown in Fig. IV-5. The A P S  
motors are mounted on two mounting pads, 180 deg apart, 
is 2.3 x 2.0 m (90  x 80 in,) in area. 
positions, the A P S  motors are extended above the mouncing gad. 
During refurbishment, the motor is retracted and reversed in its 
own refurbishment chamber, These chambers extend 0-5 m (20 in,) 
into the motor compartment. After the chamber has been pres- 
surized, the inner door can be opened to remove the motor. 

gach pad 
In the standby or firing 
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The mounting pads are plumbed t o  p rov ide  GOX t o  t h e  A P S  
motors .  The o x i d i z e r  l i n e s  a t t a c h e d  t o  t h e  motors are f l e x i b l e ,  
a l lowing  t h e  motors t o  re t rac t ,  ex tend ,  and reverse i n  t h e  r e f u r -  
bishment chamber. The pads p rov ide  e l e c t r i c a l  c a b l e s  f o r  motor 
i g n i t i o n ,  i n s t r u m e n t a t i o n ,  and o p e r a t i o n  of t h e  r e t r a c t i o n ,  exten- 
s i o n ,  and r o t a t i o n  mechanism, 

Each motor re furb ishment  chamber h a s  a three-way va lve  t o  
p r e s s u r i z e  and d e p r e s s u r i z e  t h e  chamber du r ing  motor r e t r a c t i o n .  

There are e i g h t  re furb ishment  chambers p e r  pad, one f o r  
each motor. Each chamber i s  254 mm (10 i n . )  wide,  762 mm (30 i n . )  
long ,  and 508 mm (20 i n . )  deep,  and i s  permanently mounted beneath 
t h e  motor pad. A door  on t h e  bottom of t h e  chamber p rov ides  
access  t o  t h e  i n s i d e  of t h e  chamber. The r e t r a c t i o d r o t a t i o n  
system r e q u i r e s  two e l e c t r i c  motors ,  one motor f o r  o p e r a t i n g  t h e  
r e t r a c t i o n  and ex tens ion  mechanism and one f o r  ope ra t ing  t h e  r o t a -  
t i o n  mechanism. The motors are connected so  t h a t  e i t h e r  one can 
be used a lone  t o  provide  power f o r  r e t r a c t i o n ,  r o t a t i o n ,  and 
ex tens ion .  Seals are provided on both  s i d e s  of t h e  mounting p l a t e  
and the acces8 door.  The t h r e e  seals are t h e  same s i z e  and can be 
rep laced  i n  a s h i r t s l e e v e  environment wi thou t  evacuat ing  t h e  motor 
compartment 9 

A cer tain number of replacement  p a r t s  w i l l  b e  needed as 
spares t o  back up t h e  o p e r a t i o n  of  t h e  p a r a l l e l - t r a n s f e r  r e f u r -  
bishment concapt ,  The 16 re furb ishment  chambers are t h e  same s i z e  
and are i n t e rchangeab le ;  one chamber w i l l  b e  provided as a s p a r e .  
The 32 e l e c t r i c a l  motors that:  are used t o  ex tend ,  r e t r a c t ,  and 
rotate the APS t h r u s t e r s  are In t e rchangeab le ;  two e l e c t r i c a l  
motore w i l l  be  provided as s p a r e s ,  The 48 chamber seals ( t h r e e  
seals per chamber) are t h e  same s i z e  and are in t e rchangeab le ;  s i x  
seala w i l l  be provided as spares. The 16 motor mounting p l a t e s ,  
t h e  16 r e t r a s t i a n / e x t e n s i o n  mechanisms, and t h e  16  r e v e r s i n g  
mechanisms r e q u i r e  one s p a r e  u n i t  each. 

c a  NoznLe Cap Refurbishment Concept - The des ign  of t h e  
nazz l s  cap tf&sier cad i s  shown i n  Fig .  IV-6. The A P S  motors 

r n ~ u ~ t &  QII t w o  maunting pads,  180 deg a p a r t ,  t h a t  are 1.8 by 
1 , 8  m (69 by 69 i n . )  i n  area. The mounting pads ex tend  o u t  from 
the  Spscs S t a t i o n  about  0 .3  m (12 i n . ) .  The APS motors  are per-  
manenfly mounted i n s i d e  t h e  pad s o  t h a t  t h e  nozz le  and a f t  c l o s u r e  
are exposed o u t s i d e  t h e  pad. During re furb ishment ,  t h e  motor 
nozz le  i s  covered w i t h  a s e a l e d  nozz le  cap.  The cap i s  normally 
p o s i t i o n e d  a longs ide  t h e  nozz le  du r ing  motor s tandby and f i r i n g .  
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Plumbing at the mounting pads provides GOX to the A P S  
motors during firing. 

There are eight nozzle caps per pad, one for each motor. 
Each cap is about 300 mm (12 in,) long and 250 mm (10 in,) in 
diameter, and can be extended, rotated, retracted, and locked in 
position over or beside a motor nozzle, 
seal the motor during refurbishment. 

Seals are provided to 

The following replacement parts will be needed as spares 
to back up the operation of the nozzle cap refurbishment concept: 

1) One nozzle cap; 

2) One retraction/extension mechanism; 

3) One locking mechanism; 

4 )  Two nozzle cap seals 

5) Two motor attachment seals; 

6) Two skin seals. 

4.  APS Equipment and Spares 

Regardless of the refurbishment concept, the AF'S will require 
storage and maintenance facilities for fuel grains, oxidizer con- 
trol valves, ignition systems, forward closure/motor case assem- 
blies, filters, regulators, etc. 

a. ACS Motor Equipment and Spares Requirements - A list of 
required equipment and spares is given in Table IV-17. Storage 
facilities -will be provided for 10 replacement fuel grains, each 
203 mm (8 in.) in diameter x 356 mm (14 in.) long, and for 12 
motor seals (10 replacements and two spares). These spares would 
provide a 40% margin over the total impulse required for the first 
6 months. Two spare motor case and nozzle assemblies would be 
carried as spares, along with one forward closure for the snap 
ring, pin, and bolted flange designs and two closures for the 
double bayonet or bayonet/screw approach. Spare parts for the 
oxidizer control assembly would include two replacement oxidizer 
valves, two injectors, and two quick-disconnects. 

Ignition system spares depend on the system selected. 
propane system would require 11 propane cans, 12 spark plugs, and 
two spare trip valves. The heated oxidizer line system would 
require 12 replacement heating elements and two spare capacitors. 
The pyrogen ignition system is not suitable for the A P S  motors, 

The 
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Table IV-17 At t i tude  Control Motor F a c i l i t i e s  and Spares Requirements 

COMPONENT 

Yotors 

Ignition Assemblies 
Propane System 

Oxidizer 
Heated Line 

Pyrogen I g n i t e r  
Precombustor 

Forward Closure Retent 
Snap Ring 

Double Bayonet 

Bayonet Screw 

P i n  

Bo1 ted Flange 

on System: 

FACILITIES & EQUIPMENT 

16 Complete Thrust Chamber Assemblies 
Forward Closure 
Motor Case & Nozzle Assembly 
Oxidizer Control Valve 
In jec t ion  System 
In jec to r  

12 DPST Ignition Relay 
12 Capacitors 

2 Selec tor  Switches 

l o t  Intended f o r  ACS Motors 

2 Snap Ring P l i e r s  

2 Forward Closure Removal Tools 

Z P i n  Removal Tools 

Small Hand Tools 

SPARES 

2 Spare Forward Closures 
2 Spare Motor Case & Nozzle 

Assemblies 
2 Spare Oxidizer Control 

Valves 
2 Spare In jec tors  
2 Spare Quick-Disconnects 
10 Replacement Fuel Grains 

203 mm (8 i n . )  i n  diam- 
eter by 355 mm (14 i n . )  
1 ong 1 

12 Replacement Motor Seals 

11 Replacement Propane 
12 Replacement Spark P 

2 Spare T r i p  Valves 

Cans 
ugs 

12 Repl acement Heating 
Elements 

2 Spare Capacitors & Relays 
1 Spare Se lec tor  Switch 

12 Repl acement Grains w i t h  
Spark Electrodes 

2 Spare Induction Coils 

1 Spare Snap Ring  Pliers 
2 Spare Snap Rings 
1 Spare Tool 
1 Spare Forward Closure 
1 Spare Motor Case 
1 Spare Forward Closure 
1 Spare Motor Case 
1 Spare Removal Tool 
1 Spare Forward Closure 
1 Spare Forward Closure 
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due t o  t h e  l a r g e  number of restarts. The precombuster des ign  
would r e q u i r e  1 2  replacement g r a i n s  and two s p a r e  induc t ion  c o i l s .  
The snap r i n g  forward c l o s u r e  r e t e n t i o n  system, and both  t h e  
double bayonet and t h e  bayonet screw des igns  are i m p r a c t i c a l  f o r  
u s e  w i t h  t h e  406-mm (16- ine)  d iameter  motors.  The p i n  des ign  re- 
q u i r e s  a p i n  e x t r a c t o r ,  one s p a r e  e x t r a c t i o n  t o o l ,  fou r  s p a r e  p i n s ,  
one s p a r e  s t r a p  o r  w i r e  r e t e n t i o n  hardware,  and one s p a r e  forward 
c l o s u r e .  The b o l t e d  f l a n g e  des ign  r e q u i r e s  s m a l l  hand t o o l s ,  f o u r  
spa re  p a i r s  of n u t s  and b o l t s ,  and one s p a r e  forward c l o s u r e .  

b .  Spin/Despin Motor Equipment and S p a r e s  Requirements - The 
sp in /desp in  system uses  t h r e e  1 1 1 2 - N  250-lb motors ,  each de- ( f ) 
l i v e r i n g  1 /3  of t h e  t o t a l  impulse r equ i r ed  f o r  a s p i n  o r  desp in  
maneuver. Before a sp in /desp in  maneuver, a l l  t h r e e  motors are 
loaded and two are extended i n t o  f i r i n g  p o s i t i o n .  The f i r s t  motor 
i s  f i r e d ,  then  r e t r a c t e d  and r ep laced  by t h e  t h i r d  motor wh i l e  t h e  
second motor i s  f i r i n g .  A f t e r  t h e  maneuver, t h e  motors are re- 
t r a c t e d ,  rep laced  by motor h o l e  cove r s ,  r e f u r b i s h e d ,  moved on a 
handl ing  d o l l y  t o  t h e  oppos i t e  s i d e  of t h e  Space S t a t i o n ,  and 
i n s t a l l e d  f o r  t h e  nex t  sp in /desp in  maneuver. 

Spin /despin  f a c i l i t y  s p a r e s  are shown i n  Table  I V - 1 8 .  
Spares  inc lude  one each of t h e  fo l lowing:  forward c l o s u r e ,  motor 
case /nozz le  assembly, o x i d i z e r  valve, i n j e c t o r ,  and quick-discon- 
n e c t .  Four a d d i t i o n a l  f u e l  g r a i n s  ( t h r e e  replacements  and one 
spa re )  each 406 mm (16 i n . )  i n  d iameter  and 784 mm (31 i n . )  long,  
would be  provided t o  complete t h e  f i r s t  sp in /desp in  cyc le  (6 months). 
One s p a r e  motor h o l e  cover  and f o u r  replacement seals would be 
provided,  along wi th  d o l l y  spares. 

The propane i g n i t i o n  system would r e q u i r e  one s p a r e  pro- 
pane can ,  one s p a r e  spa rk  p lug ,  and one s p a r e  t r i p  valve. The 
hea ted  o x i d i z e r  l i n e  would r e q u i r e  one s p a r e  h e a t i n g  element and 
one s p a r e  c a p a c i t o r .  The pyrogen i g n i t i o n  system (assuming t h e  
sp in /desp in  motors would o p e r a t e  i n  a burn-to-completion mode), 
would r e q u i r e  t h r e e  replacement i g n i t e r s  and one s p a r e  i g n i t e r .  
The precombuster system would r e q u i r e  one s p a r e  g r a i n  and one 
s p a r e  i n d u c t i o n  c o i l ,  The snap r i n g  forward c l o s u r e  r e t e n t i o n  
system would r e q u i r e  two snap r i n g  p l i e r s  and one s p a r e  snap r i n g .  
The double  bayonet des ign  would no t  be  a t t r a c t i v e  f o r  t h e  l a r g e r  
diameter  s p i n / d e s p i n  motors.  A manually turned  s i n g l e  bayonet o r  
bayonet screw would o f f e r  a l t e r n a t i v e  r e t e n t i o n  systems and would 
r e q u i r e  no spa res .  

The sp in /desp in  motors could be  used wi th  any of t h e  A P S  
t h r u s t e r  pad des igns .  Both t h e  movable tube and t h e  nozz le  cap 
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COMPONENT 

Motors 

Ignition Assembly 
Propane System 

Heated Oxidizer Line 

Pyrogen Igni tor  

Precombustor 
(Single Burn Mode) 

Forward Closure Retention 
Systems 

Snap Ring 

Double Bayonet 

BayonetlScrew 

Pin 

Bo1 ted F1 ange 

Refurbishment Faci 1 i t i e s  
Movable Tube 

Nozzle Cap 

Table IV-18 Spin/Despin Motor Fac i l i t i e s  and Spares 

FACILITIES & EQUIPMENT 

3 Complete Thrust Chamber Assemblies 
Forward Closure 
Motor Case & Nozzle Assembly 
Oxidizer Control Valve 
Ignition System 
Injector 
Fuel Grain 

4 Motor Hole Covers 

1 Motor Handling Dolly 

Not Practical fo r  406-mm (16-in.) 

Not Practical fo r  406-mm (16-in.) 

Not Practical fo r  406-mm (16-in.)  

Pin Extraction Tool 

Diameter 

Diameter 

Diameter 

Small Hand Tools 

Use APS Pads 
1 Complete Refurbishment Tube & 

Door Assembly 

2 Nozzle Cap Assemblies 
Nozzle Cap 
Holding Clamp Assembly 
Nozzle Cap 
Cap Extension Bar 

SPARES 

Spare Forward Closure 
Spare Motor Case & Nozzle Assembly 
Spare Oxidizer Valve 

1 Spare Injector 
1 Spare Quick Disconnect 

4 Replacement Grains 406 mm (16 in . )  in 

1 Spare Motor Hole Cover 
4 Motor Hole Cover Seals & Dolly Spares 

Diameter by 784 mm (31 i n . )  long - 5 
Segments 

1 Spare Propane Can 
1 Spare Spark  Plug 
1 Replacement Trip Valve 
1 Spare Heating Element 
1 Spare Capacitor 
3 Replacement Igni te rs  
2 Spare Igni te rs  
1 Spare Grain W i t h  Spark Electrodes 
1 Spare Induction Coil 

1 Spare Extraction Tool 
4 Spare Pins 
1 Spare Strap or Wire Retention Hardware 
1 Spare Forward Closure 
4 Spare Pairs of Nuts & Bolts 
1 Spare Forward Closure 

1 
1 
1 

Spare Refurbishment Tube & Door Assembly 
Spare External Motor Seals 
Set of Replacement Refurbishment Seals 

Door Seals 
Door Assembly Seal 
Refurbishment Tube Seal 
Refurbishment Tube Door Seal 

2 Spare Sets of Seals 
Cap 
Pad 
Holding Clamp 
Extension Bar 

1 Spare Cap 
1 Spare Clamp 
1 Spare Extension Bar 
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approach would be accep tab le  f o r  motor re furb ishment .  The movable 
tube approach would r e q u i r e  two refurbishment  tube  and door assem- 
b l i e s  ( inc lud ing  one spare), one spa re  e x t e r n a l  motor seal ,  and 
one s p a r e  set of re furb ishment  seals. The nozz le  cap approach 
would r e q u i r e  two nozz le  cap assembl ies ,  spar?  p a r t s  f o r  a t h i r d  
assembly, and two complete se ts  of seals. 

c .  Oxid izer  Feed Assembly Equipment and Spares  Requirements - 
The s e l e c t i o n  of onboard s p a r e s  w a s  based on t h e  r e l i a b i l i t y  
a n a l y s i s  d i scussed  i n  Subsec t ion  IV-B-4 and on t h e  fo l lowing  cri- 
teria : 

1 )  

2 )  

3) 

Components whose f a i l u r e  would adve r se ly  a f f e c t  crew 
s a f e t y .  No components meet t h i s  c r i t e r i o n ;  

Components whose f a i l u r e  would degrade miss ion  success ;  

Components w i th  a h igh  f a i l u r e  p r o b a b i l i t y .  

Based on t h e  above cr i ter ia ,  t h e  fo l lowing  r e s e r v e  of s p a r e s  a t  
launching w a s  e s t a b l i s h e d :  

1) Two 3-way valves; 

2)  Two c o n t r o l  valves; 

3)  Two r e l i e f  valves; 

4 )  Two c o n t r o l  r e g u l a t o r s ;  

5 )  Two f i l t e r s .  

Equipment i s  requ i r ed  t o  remove f l u i d  from a system t o  
perform i n f l i g h t  maintenance, This  can be accomplished through 
purg ing ,  i n v e r s e  pumping, o r  by t h e  vacuum c l e a n e r  technique ,  

Means must be  provided f o r  d i spos ing  of contaminated f l u i d  
and components t h a t  have been r ep laced .  Such i t e m s  w i l l  p robably  
be s t o r e d  u n t i l  t h e  l o g i s t i c s  craf t  resupply  i n t e r v a l ,  

F lu id  f i t t i n g s  f o r  i n f l i g h t  maintenance must seal a f t e r  
repea ted  assembl ies  and d i sa s sembl i e s .  The t h r e a d s  must n o t  g a l l ,  
and t h e  seal must b e  r e p a r a b l e ;  r e q u i r e  s imple t o o l s  f o r  assembly, 
and p rov ide  r easonab le  s e a l i n g  c h a r a c t e r i s t i c s .  

New methods are r e q u i r e d  t o  remove and r e p l a c e  f i t t i n g s  
and t o  r e p a i r  tub ing .  The method and t h e  t o o l s  must be adap tab le  
t o  b o t h  p a r t i a l  and zero g r a v i t y ,  must be  s imple ,  p rovide  c o n t r o l  
of  contaminat ion,  be compatible ,  and r e q u i r e  minimum crew t r a i n i n g .  
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5. Maintenance, Repair, and Handling Equipment 

The auxiliary propulsion compartment provides a comfortable 
shirtsleeve environment. This compartment will have adequate 
lighting, a ventilation system that will keep the oxygen supply 
fresh and clean, a temperature and humidity control. Safety and 
emergency equipment, such as a fire extinguisher and life support 
suit, will be provided. A two-way communication system with 
other compartments of the Space Station will also be provided. 

Because the spin/despin motors are too large to be conveniently 
refurbished or repaired by hand, a mobile dolly will be provided, 
This dolly can also be used by the crew as a stepladder during 
gravity operation and as an anchor during weightless operation. 
In addition, it can be tied down in the work area and used as a 
work stand for servicing the APS motors. 

A work area and a work table are provided in the propulsion 
compartment, This work area will be used to refurbish the A P S .  
The work table can be used to service and repair smaller parts 
and to calibrate and adjust mechanisms. 
vided in both the work area and work table to hold component parts 
stationarv during weightless servicing and repair. The work area 
will Trovide far pressure and leak check operations. An electri- 
cal  patch board will be used to check out and verify electrical 

Space will be provided 
around the work table for storing motor grains, igniter parts, 
spare par t s9  and tools, The area around the motor installation 
pad and the work area is enclosed to provide evacuation capability 
should IVA be required for APS repair. 

Tiedowns have been pro- 

s during and after servicing. 

A separate administrative area is provided to store inventory 
recozds and maintenance procedure manuals, and to observe propul- 
sion performance, 
abservatisn window f o r  observing activity in the motor servicing 
enclosure, 

This area shall have cabinetry files and an 

The propuls ion  system will require servicing and refurbishment 
accsrding t o  both a scheduled and nonscheduled plan. 
equipinant needed to maintain and service the APS is shown in 
Table sv-19. 

The type of 

A nonflammable sillcone grease is used to lubricate the oxi- 
diger control valve, the ignition canister trip valve, and the 
refurbishment extractionlcontraction mechanism. O-rings and 
threads will be lubricated with nonflammable lubricants before 
being assembled. 
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Table IV-19 Onboard Serv ic ing  and Repair  of APS Motors 

I g n i t i o n  
Butane o r  
Propane 
Spark-Ini  t i a t e d  
Precombuster 

IV-67 

Grease Gun 
(S i  1 icone) 

Leak Detect ion 
So lu t ion  
Dxi d i  zer  
I n j e c t o r  Plug 

F l a s h l i g h t  Small Hand 
Tools 

Spark Plug 
Wrench 

Pyrogen Hot 
Gas I g n i t e r  
(Single Shot) 

Grease Gun 
(S i l i cone)  

Leak Detect ion 
So lu t ion  

Ox id izer  
I n j e c t o r  P1 ug 

F l a s h l i g h t  

ELECTRICAL 
CHECKOUT 

SCHEDULED 
MALFUNCTIOh 

DETECTION 

CALIBRATION 
REMOVE & 

PRESSURE TEST 
VISUAL 

FACILITY CONCEPT LUBRICATE 

Refurbishment 
ComDartment 

Osc i l  lo- 
scope Power 
Source 
Vacuum Tube 
V o l t  Meter 
Power Source 
VTVM 

Ox id izer  
I n j e c t o r  
Removal & 
I n s t a l l a t i o n  
Tool  
Ox id izer  
I n j e c t o r  

Removal & 
I n s t a l  l a t i o n  
Tool 

Squib 
Removal & 
I n s t a l l a t i o n  
Tool 
I g n i t e r  
Removal & 
I n s t a l  l a t i o n  
Tool 

Tools 

N/A 

NIA Small Hand 

NIA Special  
Wrench t o  
Remove & 
I n s t a l l  PMM 
Charge 

Refurbishment 
Compartment 

Oxidizer 
I n j e c t o r  
Removal & 
I n s t a l  l a t i o n  
Tool 
Oxidizer 
I n j e c t o r  
Removal & 
I n s t a l  l a t i o n  
Tool 

NIA 

Refurbishment 
Comoartment 

Power Source 
VTVM 

Power Source 
VTVM 

Heated (S i l i cone)  
Precombus t o r  

O i l  Can 

Refurbishment 
Compartment 

Forward Closure 
Retent ion 

Snap Ring 
P l i e r s  

N/A NIA Refurbishment 
Compartment 

Nozzle Plug F l a s h l i g h t  

Pressure Gage Magnifying 
Leak Detec t ion  
So lu t ion  
Nozzle Plug F l a s h l i g h t  

Pressure Gage Magnifying 
Leak Detec t ion  
So lu t ion  
Nozzle P lug  F l a s h l i g h t  
Pressure Gage Magnifying 
Leak Detec t ion  
So lu t ion  
Nozzle Plug F l a s h l i g h t  
Pressure Gage Magnifying 

Leak Detec t ion  
So lu t ion  
Nozzle Plug F l a s h l i g h t  
Pressure Gage Magnifying 
Leak Detect ion 
So lu t ion  
Nozzle P lug  Micrometer 
Pressure Gage F l a s h l i g h t  
Leak Detec t ion  
So lu t ion  

N/A Hand Gr ip  
Removal & 
I n s t a l l a t i o n  

ITool  

N/A N/A Refurbishment 
Compartment 

Refurbishment 
Compartment Flange 

Thread Lube 

S i l i cone 
Lube 3- Ext rac tor  

Refurbishment 
Compartment 

, 
N/A Small Hand Bo1 ted  Flange /Thread 

S i 1  icone 
Lube 

Nozzle Throat N/A 

Refurbishment 
Movable Tube Grease Gun 

Bearing 
Grease 

Para1 le1  Grease Gun 
Transfer 

Refurbishment 
ComDartment 

Refurbishment 
ComDar tmen t Tools 

Refurbishment 
Compartment 

Small Hand Small Hand 
Tools Tools 
Gage 
Small Hand Small Hand 
Tools Tools 

Gage 
Small Hand Pro tec t ive  
Tools & L i f e  
Gage 

N/A N/A 

Support 
C lo th ing  & 
Equipment 

Power Source 

Power Source 
VTVM 

NIA 

Refurbishment 
Compartment 

Nozzle Cap /Grease Gun NIA Refurbishment 
Compartment 

So lu t ion  Glass 

F l a s h l i g h t  

Magnify ing -:-- Glass 

Motor Grain INIA ' N/A Fuel Oepletior 
Detect ion 
System 

Gra in  Storage Area 

Ox id izer  Feed 
Assembl 

Oxidizer Tank 

Ox id izer  Feed Com- 
partment 

NIA 

N/A 

Low Tank 
Pressure 
Low L ine  
Pressure 

N/A 

D i f f e r e n t i a l  
Pressures 

N/A 

Small Hand 
Tools 
Small Hand 
Tools 

Small Hand Small Hand 
Tools Tools 

Small Hand 
Tools 
Small Hand 
Tools 

Ox id izer  Feed Com- 
partment 
Oxidizer Feed Com- 
partment 

Regulators li4; 
F i l t e r s  

Control  Valves N/A 

Leak Detect ion F l a s h l i g h t  
So lu t ion  

Ox id izer  Feed Com- 
partment 
Ox id izer  Feed Com- 
partment Sol u t i  on 

I 
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t r i p  va lve  and t h e  re furb ishment  e x t e  s i o n  and 
r e t r a c t i o n  mechanisms are c a l i b r a t e d  and ad jus t ed  us ing  inspec-  
t i o n  hand t o o l s ,  C e r t a i n  s p e c i a l  hand t o o l s  w i l l  be r equ i r ed  t o  
remove and r e p l a c e  component p a r t s .  A s p a r k  p lug  wrench w i l l  be  
used t o  r e p l a c e  i g n i t i o n  spa rk  p lugs .  The pyrogen i g n i t e r  w i l l  
r e q u i r e  a removal and i n s t a l l a t i o n  t o o l ,  A s p e c i a l  t o o l  w i l l  be 
used t o  remove and i n s t a l l  t h e  PMM i g n i t e r  charge  i n  t h e  spark- 
i n i t i a t e d  precombustor i g n i t e r  concept .  Depending on which 
forward c l o s u r e  r e t e n t i o n  concept  i s  used,  a snap r i n g  p l i e r s ,  
p i n  e x t r a c t o r ,  s m a l l  hand t o o l s ,  o r  hand g r i p  removal and i n s t a l -  
l a t i o n  t o o l  w i l l  be r equ i r ed .  A f l u i d  decontaminat ion and removal 
t o o l  w i l l  be  r e q u i r e d  f o r  t h e  o x i d i z e r  f eed  system. 

Af t e r  p ropu l s ion  s e r v i c i n g  and re furb ishment ,  p r e s s u r e  l e a k  
checks w i l l  be made t o  determine t h e  i n t e g r i t y  of seals. A p r e s -  
s u r e  gage and l e a k  d e t e c t i o n  s o l u t i o n  w i l l  be  needed t o  perform 
t h e  check on t h e  re furb ishment  chamber. 
t o  perform a check of t h e  motor. 
t e c t i o n  s o l u t i o n  are requ i r ed  f o r  t h e  OFA. 

A nozz le  p lug  i s  needed 
The p r e s s u r e  gage and l e a k  de- 

A f l a s h l i g h t  and magnifying g l a s s  are needed t o  perform a 
v i s u a l  i n s p e c t i o n  of t h e  forward c l o s u r e  r e t e n t i o n  concept ,  t h e  
OFA, and movable tube  and p a r a l l e l - t r a n s f e r  refurbishment  con- 
c e p t s  * 

An e l e c t r i c a l  pa tchboard ,  connec t ing  t h e  motor e l e c t r i c a l  
system t o  e lec t r ica l  checkout equipment,  w i l l  be provided i n  t h e  
motor s e r v i c i n g  compartment. An o s c i l l o s c o p e ,  power sou rce ,  and 
a vacuum tube  vo l tme te r  w i l l  be r equ i r ed .  

6. Time Requirements for APS Motor Refurbishment 

) Propuls ion  refurbishment  t i m e s  and schedules  have been evalu- 
a t e d  f o r  t h e  ACS motors,  t h e  s p i n l d e s p i n  motors ,  and t h e  OFA. 
Three p r i n c i p a l  APS motor re furb ishment  approaches are desc r ibed  
i n  terms of  r equ i r ed  t a s k s  and completion t i m e .  Sp in ldespin  
re furb ishment  i s  s i m i l a r l y  d i scussed .  
are r e l a t i v e l y  s h o r t ,  they  r e q u i r e  more i n t e n s i v e  maintenance by 
t h e  crew. However, several procedures  are d i scussed  t h a t  p e r m i t  
t h e  crew t o  postpone p a r t  of  t h e  s p i n  motor re furb ishment  t o  re- 
duce crew workload dur ing  t h e s e  maneuvers, 

Since sp in /desp in  maneuvers 
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a.  ACS Motor Refurbishment T i m e  Requirements - Each ACS 
motor w i l l  be  r e fu rb i shed  a f t e r  every  400 sec of o p e r a t i o n ,  which 
occur s ,  on t h e  average ,  every  2 y e a r s .  During re furb ishment ,  t h e  
motor case and c l o s u r e  w i l l  b e  v i s u a l l y  i n s p e c t e d ,  new O-rings 
w i l l  b e  i n s t a l l e d ,  t h e  i g n i t e r  assembly w i l l  b e  r e f u r b i s h e d ,  and 
a new f u e l  g r a i n  w i l l  be  i n s t a l l e d  i n  t h e  motor. Tables  IV-20 
t h r u  IV-22 g ive  a f u n c t i o n  t i m e  a n a l y s i s  f o r  t h e  t h r e e  cand ida te  
re furb ishment  concepts .  

b .  Spin/Despin Motor Refurbishment Schedule Concepts - The 
sp in /desp in  motors w i l l  use  e i t h e r  t h e  nozz le  cap o r  movable tube 
concept f o r  ma in ta in ing  Space S t a t i o n  environment dur ing  s e r v i c i n g  
and re furb ishment  o p e r a t i o n s .  Consider ing a re furb ishment  i n t e r -  
v a l  beginning a t  t h e  t e rmina t ion  of motor o p e r a t i o n  and ending 
when t h e  motor i s  ready f o r  r e f i r e ,  t h e  nozz le  cap approach re- 
q u i r e s  a 30-minute s e r v i c i n g  i n t e r v a l ,  and t h e  movable tube ,  a 
45-minute s e r v i c i n g  i n t e r v a l  ( see  Tables  IV-23 and IV-24). 

To accomplish a s p i n  o r  desp in  maneuver, a t o t a l  impulse 
of 3,078,168 N-sec (692,000 lb -sec)  i s  r equ i r ed .  The b a s e l i n e  
des ign  makes use  of t h r e e  motors ,  each provid ing  1 / 3  of t h e  t o t a l  
r e q u i r e d  impulse.  The three-motor concept w a s  determined t o  b e  
an optimum system. Using one o r  two motors r e q u i r e s  l a r g e ,  hard- 
to-handle g r a i n s ;  and us ing  more than  t h r e e  motors r e q u i r e s  han- 
d l i n g  and s t o r i n g  many s m a l l  g r a i n s .  

The maneuver motors can be  r e f u r b i s h e d  dur ing  a s p i n  o r  
desp in ,  o r  du r ing  t h e  per iod  b e f o r e  t h e  nex t  scheduled s p i n  o r  
desp in .  Refurbishing after t h e  maneuver a l lows  t h e  crew t o  remain 
a t  t h e i r  du ty  s t a t i o n s  u n t i l  completion of t h e  maneuver, Refur- 
b i s h i n g  a f t e r  t h e  maneuver a l s o  a l lows  t h e  use  of bo th  t h e  s p i n  
and despin  re furb ishment  areas s imul taneous ly .  

There are c e r t a i n  advantages t o  r e f u r b i s h i n g  dur ing  a 
maneuver. F i r s t ,  re furb ishment  du r ing  despin  a l lows  t h e  work t o  
be  done i n  a p o s i t i v e  g r a v i t y  environment.  Second, a f t e r  any 
s p i n  o r  desp in  o p e r a t i o n ,  t h e r e  i s  a se t  of motors  ready f o r  
f i r i n g ,  Also,  i f  t h e r e  are w a i t i n g  p e r i o d s  between t h e  t h r e e  
motor f i r i n g s  i n  a s p i n / d e s p i n  maneuver, i t  would be advantageous 
t o  r e f u r b i s h  t h e  motors du r ing  t h e  maneuver. 

I V- 69 

Four p o s s i b l e  re furb ishment  approaches have been consid- 
e red .  Two d e a l  w i t h  refurbishment  dur ing  motor o p e r a t i o n ,  and 
two w i t h  re furb ishment  dur ing  t h e  p e r i o d  between s p i n  and despin  
maneuvers. 
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Table IV-20 Refurbishment of ACS Motors Based on Movable Tube Concept 

TIME (minutes) 

0.5 
0.5 
1.0 
0.5 
0.5 
1.0 
1.0 
3.0 
1.0 
1.0 
5.0 
5.0 
2.0 
5.0 
1.0 
1.0 
1.0 
3.0 
1.0 
0.5 
0.5 
1 .0  
2.0 
0.5 
0.5 

41.0 

REFURBISHMENT TASK 

Remove Operating Shroud 
Disconnect Oxidizer Line a t  Quick Disconnect 
Attach Refurbishment Tube & Door Assembly 
Depressurize Tube & Retract Motor 
Close Environment Door Assembly 
Equalize Internal Tube  Pressure 
Check Environment Door Seal by Observing Tube Pressure f o r  1 Minute 
Remove Tube & Motor as One Assembly & Position f o r  Servicing 
Tie Down i n  Refurbishment Area 
Remove Forward Closure 
Visually Inspect Forward Closure & Replace 0-Ring Seals 
Refurbish I g n i t e r  Assembly 
Remove Residual Fuel from Case 
Visually Inspect Case 
I n s e r t  New Fuel Grain i n  Case 
Attach Forward Closure 
Unstrap 
Posit ion & Attach Motor Tube Assembly to  Motor Pad 
Evacuate Tube 
Open Environment Door Assembly 
Extend Motor 
Remove Refurbishment Tube 
Check Environmental Seal f o r  Sealing In t eg r i ty  
Connect Oxidizer Line a t  Quick Connect 
Attach Operating Shroud 

Table IV-21 Refurbishment of ACS Motors Based on  Para l le l  Transfer Concept 

TIME 
(minutes ) 

1.0 
0.5 
0.5 
0.5 
0.5 
1.0 
1.0 
1.0 
0.5  
5.0 
5.0 
2.0 
5.0 
0 .5  
0.5 
3.0 
0.5 
1.0 
1.0 
1.0 
0.5 
1.0 
0.5 

33.0 

REFURBISHMENT TASK 

Open Access Door & Visually Inspect Environment Seals 
Disconnect Oxidizer Line 
Close Access Door & Depressurize Refurbishment Chamber 
Ret rac t ,  Rotate, & Extend Motor Until Chamber i s  Sealed 
Repressurize Refurbi s hment Chamber 
Check Environment Sea ls  by Observing Chamber Pressure f o r  1 Minute 
Remove Motor from Chamber 
Move Motor t o  Refurbishment Area & Tie Down 
Remove Forward Closure 
Visually Inspect Forward Closure & Replace 0-Ring 
Refurbish I g n i t e r  Assembly 
Remove Residual Fuel from Motor Case 
Visually Inspect Case 
I n s e r t  New Fuel Grain 
Attach Forward Closure 
Unstrap Motor & Position f o r  Ins t a l l a t ion  i n  Chamber 
Inspect Chamber Environment Seal 
I n s t a l l  Motor i n  Chamber 
Close Access Door & Evacuate Chamber 
Retract ,  Rotate, & Extend Motor 
Repressurize Chamber 
Check Environment Seals by Observing Chamber Pressure f o r  1 Minute 
Open Access Door, Connect Oxidizer Line, & Close Door 
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Table IV-22 Refurbishment of ACS Motors Based on Nozzle Cap Concept 

TIME 
(minutes) 

0 , 5  
1.0 
1.0 
1.0 
1 ,o 
5.0 
5.0 
2.0 
5.0 
1 .o 
1.0 
1 .o  
1.0 
2,o 
0.5 

28.0 
- 

REFURBISHMENT TASK 

Disconnect Oxidizer Line a t  Quick Disconnect 
Position Nozzle Cap over End of Nozzle & Lock i n  Position 
Equalize Motor Internal Pressure 
Check Environment Seal by Observing Motor Pressure f o r  1 Minute 
Remove forward Closure 
Visually Inspect Closure & Replace 0-Ring 
Refurbish I g n i t e r  Assembly 
Remove Residual Fuel from Case 
Vi sua1 l y  Inspect Case 
Inser t  New Fuel Grain i n  Case 
Attach Forward Closure 
Evacuate Motor Case 
Remove Nozzle Cap 
Check Environmental Seal f o r  Sealing In tegr i ty  
Connect Oxi d i  zer  L i  ne a t  Q u i  ck Disconnect 

Table  IV-23 Refurbishment of Spin/Despin Motors Based on Nozzle Cap Concept 

Fire  Motor 15.5 minutes 
Refurbish a f t e r  15-minute Cooldown 

TIME 
(minutes) 

0.5 
1,o 
1,o 
l * O  
1 , O  
5.0 
5 9 9  

2,6 
5.0 
1.0 
1.0 
1.0 
1.0 
2,o 
0 , 5  

28.0 

- REFURBISHMENT TASK 

Disconnect Oxidizer Line a t  Quick Disconnect 
Posi t ion Nozzle Cap over End of Nozzle & Lock i n  Position 
Equal i ze Motor Internal Pressure 
Check Environment Seal by Observing Motor Pressure for 1 Minute 
Remave Forward Closure 
Visually Inspect Closure & Replace 0-Ring 
Refurbish I g n i t e r  Assembly 
Remove Residual Fuel from Case 
V-i  sua? l y  Inspect Case 
Insert  New Fuel Grain i n  Case 
Attach Forward Closure 
Evacuate Motor Case 
Remove Nozzle Cap 
Check Environmental Seal f o r  Sealing I n t e g r i t y  
Connect Oxidizer Line a t  Quick Disconnect 
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Table IV-24 Refurbishment of Spin/Despin Motors Based on Movable Tube Concept 

Fire Motor 15.5 minute 
Refurbish a f t e r  15-minute Cooldown 

TIME 
:minutes) REFURBISHMENT TASK 

0 .5  
0.5 
1 .0  
0.5 
0.5 
1 .0  
1 . 0  
3 .0  
3.0 
1 .o  
5.0 
5.0 
2.0 
5.0 
1 .o 
1.0 
3.0 
3.0 
1.0 
0 .5  
0.5 
1.0 
2.0 
0 .5  
0.5 

43.0 

Remove Operating Shroud 
Disconnect Oxidizer Line a t  Quick Disconnect 
Attach Refurbishment Tube & Door Assembly 
Depressurize Tube & Retract Motor 
C1 ose Environment Door Assembly 
Equalize Internal Tube Pressure 
Check Environment Door Seal by Observing Tube Pressure for 1 Minute 
Remove Tube & Motor as One Assembly & Position for Servics’ng 
Remove Motor from Tube & Tie Down 
Remove Forward C 1  osure 
Vi sua1 l y  Inspect Forward Closure & Rep1 ace 0-Ri ng Seal s 
Refurbish Igni te r  Assembly 
Remove Residual Fuel from Case 
Visually Inspect Case 
Inser t  New Fuel Grain i n  Case 
Attach Forward Closure 
Unstrap & Inser t  Motor Case i n  Refurbishment Tube  
Position & Attach Motor/Tube Assembly ts Motor Pad 
Evacuate Tube 
Open Environment Door Assembly 
Extend Motor & Repressurize Tube 
Remove Refurbishment Tube 
Check Environmental Seal f o r  Seal i n g  Tntegri t y  
Connect Oxidizer Line a t  Quick Connect 
Attach Operating Shroud 
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1) Minimum Refurbishment dur ing  Spin Operat ion 

I\/-73 

Two Loaded Motors i n  Spin P o s i t i o n ,  One Loaded 
Spare Motor - The f i r s t  s p i n  motor i s  f i r e d .  
Before f i r i n g  t h e  second motor,  t h e  f i r s t  motor 
is  removed and r ep laced  wi th  t h e  s p a r e  motor. 
The second motor and t h e  s p a r e  ( t h i r d )  motor are 
then  f i r e d .  A l l  t h r e e  motors are then  r e fu rb i shed  
and pos i t i oned  p r i o r  t o  t h e  desp in  o p e r a t i o n  (see 
Fig.  I V - 7 ) .  

Two Loaded Motors i n  Spin P o s i t i o n ,  One Loaded 
Motor i n  Despin P o s i t i o n  - The f i r s t  s p i n  motor 
i s  f i r e d ,  removed, and r e fu rb i shed .  During t h e  
f i r i n g  of t h e  second s p i n  motor, t h e  r e f u r b i s h e d  
motor i s  i n s t a l l e d  i n t o  i t s  f i r i n g  p o s i t i o n .  
A f t e r  f i r i n g  t h e  second s p i n  motor,  t h e  r e f u r -  
b i shed  motor i s  f i r e d  as t h e  t h i r d  s p i n  motor t o  
complete t h e  maneuver. The two f i r e d  motors are 
then  r e fu rb i shed  be fo re  t h e  desp in .  
b i shed  motor and t h e  unused motor are o r i e n t e d  i n  
a desp in  p o s i t i o n ,  and t h e  o t h e r  r e fu rb i shed  motor 
i s  o r i e n t e d  i n  a s p i n  p o s i t i o n  ( see  F ig .  I V - 7 ) .  

One r e f u r -  

2) Maximum Refurbishment dur ing  Spin Operat ion 

a )  Two Loaded Motors i n  Spin P o s i t i o n ,  One Loaded 
Spare Motor - The f i r s t  s p i n  motor i s  f i r e d .  
Before f i r i n g  t h e  second motor,  t h e  f i r s t  f i r e d  
motor i s  removed and t h e  s p a r e  motor i s  i n s t a l l e d  
i n  i t s  p l a c e ,  The f i r s t  motor i s  then r e fu rb i shed  
and p o s i t i o n e d  f o r  t h e  desp in .  Next, t h e  second 
s p i n  motor i s  f i r e d ,  r e f u r b i s h e d ,  and pos i t i oned  
f o r  desp in .  The t h i r d  s p i n  motor (o r  s p a r e )  i s  
f i r e d ,  r e f u r b i s h e d ,  and p o s i t i o n e d  as t h e  spare 
desp in  motor (see Fig .  I V - 8 ) ,  

b)  Two Loaded Motors i n  Spin P o s i t i o n ,  One Loaded 
Motor i n  Despin P o s i t i o n  - The f i r s t  s p i n  motor 
i s  f i r e d .  Before f i r i n g  t h e  second motor,  t h e  
f i r s t  f i r e d  motor i s  removed and r e fu rb i shed .  
During f i r i n g  of t h e  second s p i n  motor,  t h e  re- 
fu rb i shed  motor i s  r e i n s t a l l e d  i n  a s p i n  p o s i t i o n .  
Before f i r i n g  t h e  t h i r d  s p i n  motor,  t h e  second 
f i r e d  motor i s  removed, r e f u r b i s h e d ,  and pos i -  
t i oned  f o r  desp in  ope ra t ion .  The t h i r d  s p i n  motor 
i s  then  f i r e d ,  removed, r e f u r b i s h e d ,  and r e i n -  
s t a l l e d  i n  t h e  s p i n  p o s i t i o n  ( see  Fig.  I V - 8 ) .  
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Table IV-25 compares the minimum total time required to 
accomplish a spin or despin. If motor refurbishment is performed 
after the maneuver but before the next maneuver, a spin or despin 
maneuver can be accomplished in 1 to 1% hr. If the refurbishment 
is done simultaneously with the maneuver, a maneuver time of 2 to 
2% br is required. 

c. Oxidizer Feed Assembly Time Requirements - Tables IV-26 
thru IV-29 present the estimated unscheduled maintenance time per 
year for the selected OFA and its components. The estimates 
assume that completely failed components, such as valves, are 
removed and replaced. Lower-tier items such as valve poppets are 
not replaced once the component is installed in the oxidizer feed 
system. The times required for each maintenance task were esti- 
mated for a modular, internally mounted concept that requires no 
EVA, and were calculated as: 

The times required to perform the individual tasks 
necessary to replace components were estimated and 
then summed to obtain the average total replacement 
time. For example, the average total time to replace 
a helium sphere is 54 minutes (Table IV-26); 

The probability of each component failing during a 
year due to random failure was tabulated. These 
probabilities, in ppm/year, were taken from the 
reliability analysis presented in Subsection IV-B-4. 
The failure porbabilities include environmental and 
application adjustment factors; 

The probable unscheduled maintenance time per compo- 
nent type in a subsystem is equal to the product of 
the replacement time, number of components, and proba- 
bility of component failure; 

The sum of the unscheduled maintenance times for com- 
ponents in a subsystem equals the unscheduled main- 
tenance time for that subsystem. For example, the 
average estimated unscheduled maintenance time re- 
quired for the pressurization system is about 2,O 
minutes per year. Obviously no maintenance can be 
performed in 2.0 minutes; however, over a period of 
years, the average maintenance time, prorated over 
the duration of the mission, will be 2,O minutes for 
the pressurization subsystem, 
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Tab le  IV-25 Comparison o f  Maximum and Minimum Refurbishment Times 
dur ing  Spin o r  Despin Opera t ions  

REFURBISHMENT CONCEPT TIME ( h r )  

Minimum Refurbishment  During Spin  Opera t ion  

Two Loaded Motors i n  Sp in  P o s i t i o n ,  
One Loaded Spare  Motor 

Nozzle Cap 1.1 
Movable Tube 1.1 

Two Loaded Motors i n  Spin  P o s i t i o n ,  
One Loaded Motor i n  Despin P o s i t i o n  

Nozzle Cap 1.3 
Movable Tube 1 . 5  

Maximum Refurbishment  During Spin Opera t ion  

Two Loaded Motors i n  Spin  P o s i t i o n ,  
One Loaded Spa re  Motor 

Nozzle Cap 1 . 9  
Movable Tube 2 .0  

Two Loaded Motors i n  Spin P o s i t i o n ,  
One Loaded Motor i n  Despin P o s i t i o n  

Nozzle Cap 2.4 
Movable Tube 2 .5  
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Table IV-26 Unscheduled Maintenance Time f o r  the  Oxidizer Feed Assemblies 

w 
> 
-1 

" 2  

2 5  
1- 

z 4 :  

t - m  

50 

1 

2460 

2460 

0.123 

PRESSURANT OXIDIZER CO NT RO L 

W 
> 
-I 
4 > 

k 
7 m 

CT 
W 
0 
3 

v) z 

I- 

n 

F5 ITEM 

46 50 58 

- 
1 

3210 
- 

- 
3210 

- 
1.186 

43 Total Task Time, 
t ( m i  nutes ) 44 I 41 

Number o f  Par t s ,  n 1 1 1 

3715 
- 

- 
3715 

- 
1.160 

278 

- 
278 

- 
1.013 

4000 

~ 

4000 

- 
1.200 

Probabi 1 i t y  'of Part  
Fa i lure ,  Q (ppm/yr) 

Probabili ty of Part  
Type Fa i lure ,  nQ 

Maintenance Time 
Per Year, nQt  ( m i n -  
u t e s )  

Subtotal 2.11 minutes 
All Systems, - 4 x Subtotal = 8.44 minutes/yr 
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Table IW-27 Unscheduled Maintenance Time f o r  the Pressurant Subsystem 

TIME ( m i r  
PRESSURANT 
TANK 

RELIEF VALVE 
OR BURST DISC 

3-WAY 
TRANSDUCER VALVE 

1 1 

TASK 

Iso la te  Fault I 1 1 

Review Maintenance 
Procedure 3 1 3  3 3 

Obtain Spare I 3 3 3 1 3  

Travel t o  Subsystem I 5 5 5 1 5  
~ 

Bleed Down Pressure I 0 0 5 1 5  

3 3 1 3  Remove Access Cover 

Disconnect Instrumen- 
ta t ion  0 

Remove & Store P a r t  I 6 12 4 1 6  

2 1 4  I n s t a l l  New Par t  4 

Connect Instrumentation 0 

9 

0 

Rep1 ace Access Doors I 3 3 3 1 3  

Actuate System & Check 
o u t  ocs 5 5 5 I 5  

Travel t o  Stat ion 8 
Stow Gear 5 5 

Perform Admi n i  strati ve 
Functions I 4: 

Total 

5 

54 
I 
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Tab le  IV-28 Unscheduled Maintenance Time f o r  t h e  O x i d i z e r  Subsystem 

TASK 

i I s o l a t e  F a u l t  

Review Mai ntenance 
~ Procedure 

Ob ta in  Spare t Trave l  t o  Subsystem 

Bleed Down Pressure 

Remove Access Cover 

Disconnect  Instrumen- 
t a t i  on 

I Remove ii Sto re  P a r t  

I I n s t a l l  New P a r t  

Connect Inst rumenta-  
t i  on 

Rep1 ace Access Doors 

Ac tua te  System 8 Check 
Qut OCS 

. -. . - . . . , 

Travel t o  S t a t i o n  & 
Stow Gew 

Per fs rm A d m i n i s t r a t i v e  
Func t ions  

TOTAL 
I .- ... . . .. . .. .._ . . - .  

TIME (minutes)  

0 0 5 

3 I 3 l 3  

14 6 4 

11 4 l 2  

3 3 1 3  

5 5 I 5  
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Table IV-29 Unscheduled Maintenance Time f o r  the  Control Subsystem 

TIME ( m i  nutes) 
VAPORIZER, 
RELIEF & 
CHECK VALVE 

SHUTOFF & 
C H E C K  VALVE REGULATOR VALVE & I 3-WAY I TASK rRANSDUCER 

I I so la te  Fault 1 I 1 I 1  1 

3 l 3  Review Maintenance 
Procedure 3 3 3 

I Obtain Spare 1 3  3 

I Travel t o  Subsystem 5 1  5 5 1 5  5 .  

2 3 2 Bleed Down Pressure 

Remove Access Cover 

Disconnect Instrumen- 
t a t i  on 0 0 

4 I 4 I 

l Remove & Store Part 

I n s t a l l  New Part 

1 Connect fnstrumenta- 
I t i o n  

4 

2 2 1  2 1 4  

1 I o  1 0 0 

I Replace Access Boors 3 1 3  3 1 3  3 

Actuate System & 
Check O u t  OCS 5 l 5  5 

Travel t o  S t a t i o n  
ti S t o w  Gear 5 

Perform Admi n i  stra- 
t i v e  Funct ions 5 5 5 

44 41 45 I 45 TOTAL 
I 

43 
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Note that the maintenance times in Tables IV-26 thru IV-29 
are average values. Should it become necessary to employ either 
EVA or suited IVA, these estimates must be modified. The "don 
protective clothing" task must be increased to 3 hr, which includes 
donning a pressure suit and breathing pure oxygen for 45 minutes. 
In addition, EVA and suited IVA require a buddy system, or two 
men. Furthermore, the task times in Table IV-26 must be multiplied 
by 2.5 to account for the lack of mobility in a pressure suit. 

F. RESUPPLY METHODS AND PROCEDURES 

Resupply for a hybrid orbital A P S  encompasses all the activi- 
ties from terrestrial storage, inventory control, and ground 
handling to inflight removal of residual fuel and used motor com- 
ponents. The activities also include earth-to-orbit transfer, 
inorbit transfer, and transfer of material within the Space 
Station. 

1. Resupply Methods for Nonliquids 

a. Terrestrial Handling Procedures - Replacement fuel grains 
and other propulsion components will be stored at a facility near 
the transfer vehicle launch area. The resupply facility would 
contain a stock of replacement components, such as fuel g r a i n s ,  
motor seals, and expendable igIiition system supplies, to meet 
scheduled resupply requirements. There would also be a supply of 
motor case/nozzle assemblies, oxidizer control valves, refurbish- 
ment mechanisms, and other APS spares. 

Replacement components would be stored and handled under prs -  
cedures designed to maintain their operational capability, The 
oxidizer control valves, butane trip valves, filters, regulators, 
and instrumentation should receive careful handling and be pro- 
tected from dust, salt spray, and extreme humidity and tempera- 
ture. However, the motor cases, fuel grains., ignition system 
replacement parts, and seals can be stored under less restrictive 
conditions. Although no shelf life limitations are anticipated 
for propulsion components, any restcictions that develop will be 
carefully observed to ensure an available supply of component 
parts to meet all resupply requirements. 
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Before a resupply  miss ion ,  t h e  scheduled resupply com- 
ponents  and any a d d i t i o n a l  spares replacements  reques ted  s i n c e  
t h e  l a s t  resupply  w i l l  be s e l e c t e d  from inven to ry ,  undergo a 
f i n a l  i n s p e c t i o n  and b e  packaged f o r  shipment t o  t h e  Space 
S t a t i o n .  

b ,  Earth- to-Orbi t  T rans fe r  - The packaged resupply  components 
and s p a r e  replacements  are compatible  wi th  t h e  l o g i s t i c s  v e h i c l e  
and t h e  launch environment.  The s i z e  and weight  of component 
packages s h a l l  conform wi th  t h e  s t o r a g e  c a p a c i t y  of t h e  l o g i s t i c s  
v e h i c l e .  The packaging w i l l  p r o t e c t  t h e  components from a l l  
launch environments,  i nc lud ing  a c c e l e r a t i o n s ,  shock loads ,  and 
d e p r e s s u r i z a t i o n .  The motor cases and f u e l  g r a i n s  are rugged and 
r e q u i r e  minimum packaging t o  s u r v i v e  t h e  launch environment.  
Oxid izer  valves, t r i p  valves, and i n s t r u m e n t a t i o n  w i l l  be more 
s e c u r e l y  packed t o  prevent  damage, 

c .  L o g i s t i c s  Vehicle-to-Space S t a t i o n  Trans fe r  - Suppl ies  
can b e  t r a n s f e r r e d  from t h e  l o g i s t i c s  v e h i c l e  by e i t h e r  d i r e c t  
docking of t h e  l o g i s t i c s  v e h i c l e  o r  by a packed pan t ry  resupply  
approach. The Space S t a t i o n  w i l l  have several 1.5-m (5- f t )  access 
p o r t s .  The l o g i s t i c s  v e h i c l e  can b e  designed t o  mate wi th  one of 
t h e s e  access p o r t s  t o  provide  d i r e c t  p r e s s u r i z e d  t r a n s f e r  of sup- 
p l i e s  and personnel  t o  t h e  Space S t a t i o n .  Suppl ies  can be t r a n s -  
f e r r e d  p i e c e  by p i e c e  (as  convent iona l  a i r c r a f t  baggage) o r  i n  
s t anda rd ized  modular c o n t a i n e r s .  C o n t a i n e r i z a t i o n  f a c i l i t a t e s  t h e  
t r a n s f e r  of s u p p l i e s  by reducing t h e  number of packages.  Although 
t h e  c o n t a i n e r s  i n t r o d u c e  a weight  and s t o r a g e  problem, they reduce 
t h e  packing requirements  of i n d i v i d u a l  i t e m s .  

The packed p a n t r y  concept o f f e r s  a d i f f e r e n t  approach t o  
resupply .  The l o g i s t i c s  v e h i c l e  d e l i v e r s  a resupply  module t h a t  
mates wi th  a Space S t a t i o n  access p o r t .  This  module has  been 
s tocked  wi th  a l l  t h e  s u p p l i e s  r equ i r ed  by t h e  Space S t a t i o n  over  
t h e  next 6 months. 

This  packed p a n t r y  approach o f f e r s  f o u r  main advantages.  
I t ' a d d s  s t o r a g e  space ,  which f r e e s  o t h e r  areas of t h e  Space 
S t a t i o n  f o r  more p roduc t ive  use .  It a l s o  p rov ides  a c e n t r a l i z e d  
s t o r a g e  l o c a t i o n  t h a t  reduces  t h e  chance of d u p l i c a t i n g  s u p p l i e s  
of t h e  same a r t i c l e  and s i m p l i f i e s  i nven to ry  problems. Th i rd ,  i t  
relieves the  crew from an  i n t e n s i v e  resupply  t a s k  every  6 months 
by spreading  t h e  t r a n s f e r  of material over  t h e  6-month p e r i o d .  
F i n a l l y ,  i t  p rov ides  a c e n t r a l i z e d  l o c a t i o n  f o r  waste. 
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However, the packed pantry approach has two disadvantages 
-- parts availability and the risk of damage to propulsion compo- 
nents -- which make it less desirable for a hybrid A P S .  During 
propulsion refurbishment, and especially during repairs following 
a malfunction, it is important that all required ports be conven- 
iently located and available in the refurbishment area. Trips 
back and forth to the pantry for parts would significantly add to 
the refurbishment time and could affect Space Station operation 
during a spin/despin maneuver. The second disadvantage lies in 
the fact that hybrid A P S  components are precision parts. Although 
the motor case and grain are rugged, they should only be handled 
by qualified personnel. Therefore, all A P S  refurbishment replace- 
ment parts should be safely stored in an APS refurbishment area, 
which should be off limits to nontechnical personnel. 

d e  Internal Transfer of Supplies - Supplies can be transferred 
within the Space Station as individual parts or in standardized 
storage containers. Large items, such as motor cases or fuel seg- 
ments, could be handled separately without specialized containers. 
However, small items, such as filters, regulators, seals, valves, 
and ignition system supplies, could be more conveniently trans- 
ported and stored in closed containers. These containers could 
slide along tracks in the access ports to facilitate transfer in 
a zero-g environment. They could easily be moved by one man with- 
out additional equipment. Following resupply, all A P S  replacement 
parts would receive an arrival inspection. 

e. Waste Removal - The hybrid APS is not a prodigious genera- 
tor of waste. Scheduled replacement of parts is shown in the 
resupply schedule in Table IV-30. Worn-out seals and ignition 
components, along with residual fuel compose almost all of the 
scheduled waste. 

Residual fuel comes from two main sources -- the APS motors 
and the spin/despin motors. Fuel grains will have about a 5% 
residue after firing. Therefore, at a mixture ratio of 2.4, the 
A P S  motors will generate about 29.5 kg/0.028 m3 65 lb /ft3) of 

charred fuel in 10 years of operation in the form of fuel shells 
203 mm (8 in.) in diameter x 356 mm (14 in.) long x 1.27 mm (0.050 
in.) thick. These charred, rubber-based fuel grains can easily be 
shredded with a knife and disposed of along with food and human 
wastes 

( m  

The spin/despin motors consume considerably more propellant 
in 18 months than the APS motors. These 
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Table IV-30 Scheduled TCA Resupply Requirements 

IV-85 

Motor Assembly 

Igni t ion  Assemblies 
Butane System 

Heated Oxidizer Line 
Precombus t o r  

Forward C1 osure Retenti on Sys tems 
Refurbishment Approaches 

Movable Tube 

Para1 le1 Transfer 
Nozzle Cap 

Motor Assembly 

Igni t ion  Assemblies 
Butane System 

Heated Oxidizer Line 
Pyrogen I g n i t e r  
Precombus t o r  

Forward Closure Retention System 
Refurbishment Approaches 

Movable Tube 

Nozzle Cap 

ATTITUDE CONTROL MOTORS* 

3 Fuel Grains, 203 mm (8 i n . )  i n  diameter by 355 mm (14 i n . )  Long 
3 Replacement Motor Seals 

3 Replacement Butane Cans 
3 Replacement Spark Plugs 
3 Replacement Heating Elements 
3 Replacement Grains 
None 

3 External Motor Seals 
1 Set o f  Refurbishment Seals 
9 Refurbishment Seals 
3 External Motor Seals 

SP IN/ DESP IN MOTORS t 

12 Replacement Grains, 406 mm (16 i n . )  in diameter by 787 mm 

1 2  Repl acement Motor Seals 
(31 i n . )  long - 5 Segments 

12  Repl acement Butane Cans 
12 Replacement Spark Plugs 
12  Replacement Heating Elements 
12 Repl acement Ign i t e r s  
12 Repl acement Grains 
None 

12  External Motor Seals 
2 Sets of Refurbishment Seals 
12 External Motor Seals 

"Resupply required every 6 months. 
+Semiannual requirements f o r  the 6-month and 12-month resupply. Motors, spares , and support 
equipment may be removed a f t e r  18 months. 
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motors g e n e r a t e  about  10 .9  kg 24 l b  of r e s i d u a l  f u e l  dur ing  each 

(240 lb,) i n  18 months. s p i n / d e s p i n  maneuver, o r  about  109 kg 
( 4 

2 .  TCA Resupply Requirements 

Resupply requi rements  are subdiv ided  i n t o  two classes: 
scheduled resupply  and unscheduled r e supp ly .  
i s  based on t h e  p r o j e c t e d  t o t a l  impulse r e q u i r e d  and t h e  p a r t s  
replacement schedule .  Any a c c e l e r a t e d  APS u t i l i z a t i o n  o r  r e p a i r s  
r e s u l t i n g  from component f a i l u r e s  w i l l  r e q u i r e  t h e  use  of s p a r e s .  
The s p a r e s  requi rements  d i scussed  i n  t h e  p rev ious  s e c t i o n  are 
s u f f i c i e n t  t o  ma in ta in  f u l l  A P S  o p e r a t i o n  f o r  a t  least 1 y e a r ,  
based on p r e d i c t e d  f a i l u r e  rates. Spares  used due t o  a component 
f a i l u r e  o r  t o  an  a n t i c i p a t e d  f a i l u r e  d e t e c t e d  through mal func t ion  
d e t e c t i o n  t r e n d  a n a l y s i s  would be  r ep laced  a t  the nex t  r e supp ly  
t o  ma in ta in  t h e  r e q u i r e d  s p a r e s  inven to ry .  

Scheduled resupply  

The scheduled semiannual TCA resupply  requi rements  shown i n  
Table IV-30 were based on p r o j e c t e d  t o t a l  impulse requi rements ,  

3. O x i d i z e r  Feed Assembly Resupply Requirements 

The major r e supp ly  requi rements  f o r  t h e  s e l e c t e d  OFA concept 
are t h e  LOX and t h e  helium p r e s s u r a n t ,  The amounts r e q u i r e d  are 
p resen ted  i n  Table IV-31. 

a.  P r e s s u r a n t  Resupply Techniques - The t h r e e  resupply  tech-  
n iques  eva lua ted  i n  t h i s  s tudy  were: 

1) Blowdown; 

2 )  Bellows; 

3) Modular replacement.  

I n  a blowdown system p r e s s u r a n t  i s  r e s u p p l i e d  by equal -  
i z i n g  t h e  p r e s s u r e  between a h igh-pressure  s t o r a g e  compartment 
onboard t h e  l o g i s t i c s  c r a f t  and t h e  expended s t o r a g e  sphe res  
onboard t h e  Space S t a t i o n .  There a r e  two advantages t o  t h i s  
approach: a minimum of new technology i s  r e q u i r e d ,  and t h e  crew 
commitment dur ing  t h e  resupply  i s  minimal, The main d isadvantage  
t o  t h i s  approach i s  that  the requirement f o r  t r a n s f e r  l ines  and 
a s s o c i a t e d  compartments i n c r e a s e s  t h e  weight of  t h e  system. I n  
a d d i t i o n ,  r e s i d u a l  p r e s s u r a n t  remains onboard t h e  l o g i s t i c s  c r a f t .  

By us ing  a bellows wi th  a s p r i n g ,  motor, o r  manual drive., 
i t  i s  p o s s i b l e  t o  e x p e l  almost a l l  of t h e  helium. However, t h e  
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TIME PERIOD 

0-10 days 

10-90 days 

3-6 months 

6-9 months 
15-18 months 
18 months - 
10 years 

Table IV-31 Consumable Resupply Requirements f o r  the 
Oxidizer Feed Assembl i e s  

FUNCTION 

Atti tude Control Maneuvers, Docking 
Prior  t o  CMG Activation 

Att i tude Control ii Docking 

Ar t i f i c i a l -g  Experiment 1 

Art i f i c i a l -g  Experiment 2 
Arti f i  ci a1 -g Experiment 5 
Zero-g S ta t ion  Atti t u d e  Control 
(every 180 days) 

RESUPPLY REQUIREMENTS 

kg 

0 

0 

1210 

1420 
1420 
62 

7820 

LOX HELl  

bm kg 

0 0 

0 0 

2675.1 28 

3141 32.8 
3141 32.8 
132.84 14.3 

17299.1' 402. ( 

- 
M GAS 

bm 
- 
- 

0 

0 

61.8 

75.E 
75.E 
30.E 

887. C - 
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life expectancy of a bellows is generally less than that of other 
systems, such as the blowdown system. 

Another approach is to resupply pressurant by modular' 
replacement of the gas storage spheres. This system is lightweight 
because no transfer lines and components are required and no resid- 
ual pressurant is left onboard the logistics craft. Minor develop- 
ment of new technology is required for this approach in the areas of 
packaging, handling, and installation techniques. A larger crew 
commitment is also required with this approach. 

The use of a permanent volatile liquid pressurization 
system eliminates routine pressurant resupply since the pressurant 
is recondensed during propellant servicing. The advantages of 
this approach are: (1) no resupply of pressurant is required; 
(2) minimum weight is obtained; ( 3 )  crew commitment during resupply 
is minimized; and ( 4 )  inflight maintenance requirements are re- 
duced. Major disadvantages of this approach are the increased pro- 
gram cost and increased development risk due to heat storage 
material and ullage venting. 

Another resupply approach uses a blowdown pressurization 
system, wherein the pressurant is recompressed during propellant 
servicing. Advantages of this approach are elimination of the 
resupply of pressurant, minimized requirements for crew commitment, 
and a reduction of the inflight maintenance requirements, The 
major disadvantages of this approach are the reduction in perform- 
ance flexibility and additicjnal development required. 

b. Oxidizer Resupply Techniques - Resupply techniques coasid- 
ered in this study were those limited to the incermediate o r  sub- 
critical pressure range €or the LOX. 
transfer was not considered in this study because of three major 
difficulties associated with this technique: 

High-pressure or supercritical 

1) Thermodynamic control of the receiver tank; 

2) 

3 )  

A large mass of residual fluid remaining in the supp ly  
tank; 

A large structural weight penalty for the supply tank 
due to its operating pressure. 

c 

The kinds of intermediate pressure transfer systems 
considered were: 
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Surface Force System - Relies on surface tension dif- 
ferences between the liquid and vapor to orient or 
collect the liquid for transfer; 

Positive Expulsion Systems - Provide an essentially 
impermeable barrier between the pressurant and fluid 
to be transferred; 

Dynamic Force System - Forces the fluid to move in a 
manner such that the orientation of the liquid is 
known and transfer can be accomplished. 

Modular replacement of the expended storage tanks was also 
considered. 

The surface tension, or capillary containment system 
using screens, was preferred over the dielectrophoretic surface 
orientation system due to potential safety considerations. The 
use of oxygen, combined with a possible electrical breakdown, can 
result in a combustion hazard with the dielectrophoretic system. 

The capillary system employs a single concentric screen 
tank (Fig. I V - 9 ) .  The concentric screen or perforated plate i s  
positioned near the tank wall to provide a liquid outflow path 
(annulus). The bulk liquid, on demand, flows through the forami- 
nous materials, into the annulus, and out the tank. The liquid/ 
gas interfaces at the individual pores of the material are stabi- 
lized by surface tension forces. This small differential pressure, 
on the order of 6.89 kN/m2 (1 psia) or less, makes the preferential 
fluid path. 

The major advantage of capillary devices is that they are 
lightweight, generally passive, and can be used f o r  a nmbar o f  
cycles of operation. 
tension device is excellent because of its lack of moving parts 
and 'its all-metal construction. Uncertainties in storage or mis- 
sion duration due to seal leakage, bladder permeation, radiation, 
propellant effects on polymers, thermal cycling, etc, are elimi- 
nated by the use of capillary devices for long-duration missions, 

The propellant storage life of a surface 

A major problem in the transfer of the oxidizer with the 
capillary device is determining the quantity of commodity trans- 
ferred and the amount remaining in the supply tank. This problem 
becomes extremely difficult under zero-g or low-g conditions 
because the location of the liquid and vapor phases is not suffi- 
ciently defined. Gaging systems presently under development 
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.Screen 

1 Si ngl e-Phase 
Liquid Outflow 

T a n k  Mall 

Section A-A 

Note:  A pleated screen i s  shown; 
an unpleated ( f l a t )  screen 
may also be used, 

- 

F i g  TV-9 Cmcentri e Capi 11 ary Screen Concept 
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include pressure-volume-temperature, acoustical, radioactive tracer 
gas, nuclear radiation attenuation, capacitance, positive displace- 
ment, density-volume, optical, radio-frequency, flowrate measure- 
ment, and point sensor. Venting requirements further increase the 
complexity of these systems, 

Capillary devices have been used for noncryogenic propel- 
lant acquisition,, The use of cryogenic fluids introduces thermo- 
dynamic and heat transfer problems outside the scope of this 
contract which can significantly influence the design of the 
transfer system e * Phenomena that must be considered include : 

1) 

2) 

3)  Gas pressurant mass determination; 

4 )  Transfer line chilldown; 

5) Receiver tank thermodynamics and venting. 

Gravity level requirements f o r  vapor/liquid interface 
s tab ili ty ; 

Vapor/liquid interface during draining and vapor in- 
gestion; 

Positive expulsion devices considered were bladders, bel- 
lows, and diaphragm systems. Pistons present weight and moving 
seal problems, and thus, were not considered. 

A significant amount of work has been accomplished with 
bladders (Fig, I V - 1 0 ) .  Nonmetallic, folding-type bladders have 
been successfully used with earth-storable fluids. Cryogenic fluid 
expulsion presents problems in finding materials that are flexible 
at cryogenic temperatures and can be incorporated in a satisfactory 
design, Although considerable effort has been performed to develop 
materials and adhesives that are both flexible and compatible with 
LOX, and to develop satisfactory fabrication techniques, it is 
felt that such systems will only be good for up to 30 to 35 cycles 
on a reliable and repeatable basis.? 

* 
NASA is presently sutdying low-gravity propellant transfer 

under Contract NAS8-26236. 

'Handbook of Long-Life Space Vehicle Investigations (1967 and 
1968).  M-68-21. Martin Marietta Corporation, Denver, Colorado, 
December 1968 
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Liquid O u t  LInner Shell 

F i g .  IV-10 External Pressurized B1 adder 

Fig. IV-11 Bellows Expulsion System 
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Formed metallic bellows (Fig. I V - 1 1 )  are under development 
at Martin Marietta Corporation for cryogens. 
formed bellows offers potentially high reliability and high expul- 
sion efficiency. Although it is generally 25% heavier than a 
basic system, the fluid quantity remaining, even at low gravity, 
can be determined by measuring the stroke of the bellows. Cycle 
life of 100 cycles should not be a problem. 

ak The nested type of 

Considerable effort has been devoted to both nonmetallic 
and metallic diaphragms. 
for cryogens have not operated successfully 
diaphragms are impermeable to propellants, and work well f o r  one 
expulsion. Recycling results in severe metal working, which 
causes pinholing and failure in mos t cases. 

Polymeric positive expulsion diaphragms 
Convoluted metallic 

The dynamic force system of interest uses an internal 
paddle to provide a positive vortexing action to the fluid. t- 
Although this concept (Fig. IV-12) is attractive, its complexity 
is beyond the scope of the subject contract. This concept does 
have the advantage of reduced residuals, but has a fairly large 
hardware weight penalty. In addition, the requirement for an 
internal tank motor or a tank passthrough for applying rotational 
motion to the paddle injection pumping would minimize hardware 
weight, but increase the total electrical power requirement and 
increase residual liquid. This concept also has a slow start-up* 

Qne simple concept for the transfer of liquid cryogens 
is dra in ing  by linear or angular acceleration. 
plicity o f  this approach, this transfer concept is flowrate- 
limited. 

Despite the sim- 

& 
D q  T, Corington and R. F. Fearn: Cryogenic __ MetaZZic ExpuZ- 

a l h ?  BeZZsWs Eva~uation. NASApCR-72SB, NASA-LeRC Contract NAS3- 
120l.7. Martin Marietta Corporation, Denver, Colorado, March 1969. 

'Je A. Stark: Study of Low-Gravity PropeZZant Transfer, First 
Qzaarter%y P~agress  R q m ~ t ,  
General Dynamics; Corporation, Csnvair Division, San Diego, Cali- 
fornia, September 28, 1970. 

GDC 584-4-549, Contract NAS8-26236. 

'Handbook of Lang-Life Space VehicZe Invest igat ions (1967 and 
19681, M-68-21. Martin Marietta Corporation, Denver, Colorado, 
December 1968. 
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Liquid O u t l e t 7  f Bearing 

11 

I 1-+-----1320 mm. 
(52 i n . )  

\Motor Drive Assembly 

F i g *  IV-12 Paddle-Type Vortex System 



MCR-71-11  (v01 11) v- 1 

The weighted s e l e c t i o n  c r i t e r i a  presented  i n  Sec t ion  IV-A 
were used t o  q u a n t i t a t i v e l y  compare d i f f e r e n t  candida te  des ign  
approaches t o  e s t a b l i s h  t h e  optimum des ign  approach. Absolute 
s a f e t y  and advanced t e c h n i c a l  s t a t u s  by 1975 were primary selec- 
t i o n  c r i t e r i a .  To a c h i e v e  a b s o l u t e  s a f e t y ,  no p r o p e l l a n t  t o x i c i t y  
w a s  a l lowed.  No d e s i g n  w a s  accepted  t h a t ,  through a s i n g l e  f a i l -  
u r e ,  could damage t h e  Space S t a t i o n  o r  i n j u r e  t h e  crew. Further-  
more, no des ign  w a s  accepted t h a t ,  through any imaginable  series 
of f a i l u r e s ,  could do c a t a s t r o p h i c  damage t o  t h e  Space S t a t i o n .  
Only d e s i g n s  t h a t  r e p r e s e n t  s t a t e - o f - t h e - a r t  1975 technology were 
used.  

Table  V-1  shows t h e  11 s e l e c t i o n  c r i te r ia  t h a t  w e r e  used t o  
choose a n  optimum system. The candida te  des igns  a l l  s a t i s f i e d  t h e  
primary s e l e c t i o n  c r i t e r i a .  

Using t h e  s e l e c t i o n  c r i t e r i a ,  t h e  candida te  des ign  approaches 
were r a t e d  s e p a r a t e l y  f o r  t h e  ACS and s p i n f d e s p i n  a p p l i c a t i o n s .  
The e v a l u a t i o n  of t h e  o x i d i z e r  f e e d  systems used a technique t h a t  
w a s  somewhat d i f f e r e n t  than  t h a t  used f o r  t h e  TCA; t h i s  technique  
i s  expla ined  i n  S e c t i o n  Ciof t h i s  chapter .  

A. TCA SELECTION 

Considera t ion  w a s  given t o  such f a c t o r s  as p h y s i c a l  s i z e ,  re- 
start  requi rements ,  d u r a t i o n  of o p e r a t i o n ,  and ease of r e f u r b i s h -  
ment. A f t e r  cons ider ing  t h e  r e l a t ive  f a c t o r s ,  a numerical  r a t i n g  
w a s  ass igned  t o  each candida te  d e s i g n ,  based on t h e  s e l e c t i o n  
c r i t e r i a  weight ing f a c t o r .  The d e s i g n  approach r e c e i v i n g  t h e  
h i g h e s t  o v e r a l l  r a t i n g  w a s  s e l e c t e d .  

1. Propellant Selection 

The r e s u l t s  of the candida te  p r o p e l l a n t  system e v a l u a t i o n  are 
shown i n  Table V-2. S a f e t y ,  n o t  unexpectedly,  w a s  t h e  s i n g l e  
most impor tan t  c r i t e r i o n  f o r  p r o p e l l a n t  s e l e c t i o n .  Nei ther  H202  
n o r  NTO can m e e t  t h e  h i g h  degree  of s a f e t y  r e q u i r e d  f o r  u s e  on a 
manned Space S t a t i o n .  I n  thej(CPF/PF)/(Li/LiH/PBD) system, b o t h  
t h e  o x i d i z e r  and t h e  f u e l  i n t r o d u c e  unacceptable  handl ing  and- tox- 
i c i t y  problems. Therefore,’LOX o r  GOX are t h e  o n l y  o x i d i z e r s  t h a t  
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Table V - 1  Q u a n t i t a t i v e  Space S t a t i o n  APS S e l e c t i o n  C r i t e r i a  

ITEM 

Resupply Requirements 

M a i n t a i n a b i l i t y  & 
Repai r  

Crew Requirements 

Commona 1 i ty  

Onboard Equipment 
Requ i remen t s 

Re1 i abi  1 i ty 

Space S t a t i o n  
I n t e r f a c e  P o t e n t i a l  

Performance 

Nei gh t 

Growth 

c o s t  

WE I GHT I NG 
FACTOR 

20 

15  

15 

10 

10 

10 

5 

5 

5 
3 

2 

COMMENTS 

S i m p l i c i t y  o f  resupp ly  opera t ion ,  smal l  
s i z e ,  and low we igh t  o f  replacement 
p a r t s / p r o p e l l a n t .  

Minimum number and compl e x i  ty o f  maintenance 
and r e p a i r  tasks .  

Minimum manhours, f l e x i b i l i t y  o f  schedul ing,  
and minimum t r a i n i n g  o r  s p e c i a l  s k i l l s .  

In terchangeabi  1 i t y  o f  p a r t s  and spares be- 
tween motors.  
Minimum h a n d l i n g  equipment s e r v i c e  equip- 
ment, space requirements,  and ma1funct.ion 
d e t e c t i o n  and automat ic  m o n i t o r i n g  equip-  
ment. 
Minimum down t i m e  and maximum t ime between 
f a i l u r e s .  

Minimum m o d i f i c a t i o n s  t o  t h e  Space S t a t i o n  
and no i n t e r f e r e n c e  w i t h  o t h e r  opera t ions ,  
experiments, e t c .  

High s p e c i f i c  impulse and repeatab le  per-  
f ormance. 
Minimum motor and equipment we igh t .  

F l e x i b i l i t y  o f  p resent  system t o  handle i n -  
creased t o t a l  impulse requirements f o r  
b u i l d - u p  o f  Space S t a t i o n .  
Low motor, system development and suppor t  
cos ts  * 
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meet the system requirement for absolute safety. A detailed 
study of operational requirements showed that only GOX could meet 
the short-pulse, multiple restart requirements expected for the 
attitude control motors. However, the spin/despin motors can 
operate in a single-burn mode, so the thermal transients asso- 
ciated with LOX will not adversely affect motor operation. 

All four fuel systems considered with oxygen are state-of- 
the art. Each fuel system has its own maintenance, repair, and 
resupply requirements. The selected fuel, PMM/PBD, combines min- 
imum resupply requirements with a low minimum regression rate to 
reduce maintenance and crew requirements, Polyethylene offers 
slightly higher performance, but requires a significantly higher - 
number of fuel grain replacements. Plexiglass delivers lower 
performance at a lower O/F ratio and has a somewhat shorter fuel 
replacement interval. 
of performance and replacement interval, it introduces handling 
constraints not required for pure-binder fuel systems. 

Although TFTAIPBD is similar to PE in terms 

2.  Fuel Grain Design 

Five fuel grain concepts (Table V-3) were considered for use 
in the ACS and spinldespin motors. The conventional grain has a 
monolithic design with a cylindrical bore. The segmented design 
is also a conventional cylindrical bore grain that is cut into 
short cylindrical sections to facilitate grain handling, The 
multiple port grain is equivalent to several single-port grains 
fired in succession; this concept increases total impulse and 
extends the fuel replacement interval, The moving grain concept 
uses a solid, cylindrical, end-burning fuel grain; oxidizer feed 
pressure acting on the forward end of the grain holds the grain 
against the aft closure and advances it as the fuel surface re- 
gresses. The trash grain uses Space Station waste products pressed 
into a monolithic or segmented grain. 

The multiple port, moving grain, and trash grain concepts would 
require development programs to be operational by 1975. The con- 
ventional monolithic (or segmented) cylindrical port grains have 
been used in hybrid target vehicles and demonstration motors and 
represent current technology, The smaller ACS motors will use the 
monolithic conventional grain design, and the larger spin/despin 
motors will use the segmented conventional grain design to facil- 
itate handling e 
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3. Iani t i  on Svstem Selection 

The fou r  i g n i t i o n  systems cons idered  f o r  t h e  hybr id  ACS are 
ranked i n  Table  V - 4 .  The s p a r k  i g n i t i o n  system mixes a l i g h t  
hydrocarbon g a s  ( e .g . ,  bu tane  o r  propane) wi th  GOX and s p a r k s  t h e  
mix tu re ;  t h e  r e s u l t i n g  h o t ,  o x i d i z e r - r i c h  gases  h e a t  t h e  f u e l  
g r a i n  and i n i t i a t e  hybr id  combustion. The hea ted  o x i d i z e r  system 
uses  an  e l e c t r i c  h e a t i n g  element t o  p rehea t  t h e  o x i d i z e r  t o  approx- 
ima te ly  809°K. The precombustor i g n i t e r  is  a c t u a l l y  a small  spark- 
i g n i t e d  hybr id  gas  gene ra to r  t h a t  s u p p l i e s  w a r m ,  f u e l - r i c h  p roduc t s  
t o  m i x  and combust w i t h  t h e  main o x i d i z e r  stream. S i m i l a r l y ,  t h e  
pyrogen i g n i t e r  i s  a s o l i d  gas  gene ra to r  t h a t  i n j e c t s  h o t ,  f u e l -  
r i c h  p roduc t s  i n t o  t h e  main o x i d i z e r  stream. 

S e l e c t i o n  of t h e  i g n i t i o n  system w a s  p r i m a r i l y  based on tech- 
n ica l  s t a t u s .  Butane and propane s p a r k - i g n i t i o n  systems have  
been used s u c c e s s f u l l y  f o r  y e a r s  a t  UTC w i t h  GOX on hybr id  demon- 
s t r a t i o n  and tes t  motors.  S i m i l a r l y ,  pyrogen i g n i t e r s  have been 
developed a t  UTC f o r  hybr id  sys tems,  and have been used success-  
f u l l y  on a number of motors.  Compared t o  t h e s e  two proved i g n i -  
t i o n  systems, t h e  hea ted  oxygen system and t h e  precombustor sys-  
t e m  are only ve ry  promising concepts .  The re fo re ,  a l though a com- 
p a r a t i v e  ranking  of t h e s e  approaches (Table V - 4 )  showed t h a t  t h e  
hea ted  oxygen i g n i t i o n  system w a s  s u p e r i o r  f o r  t h e  ACS motors ,  
only t h e  pryogen and spa rk  i g n i t i o n  systems w e r e  cons idered  f o r  
f i n a l  s e l e c t i o n .  

The complexity of t h e  pyrogen i g n i t i o n  system i n c r e a s e s  r a p i d l y  
f o r  m u l t i p l e - s t a r t  a p p l i c a t i o n s ,  bu t  t h e  complexity of t h e  spa rk  
i g n i t i o n  system i s  n e a r l y  independent of t h e  number of s tarts.  The 
pyrogen system would r e q u i r e  a s e p a r a t e  i g n i t e r  f o r  each restart, 
which makes i t  unacceptab le  f o r  t h e  ACS motors.  However, a pyro- 
gen i g n i t e r  can p rov ide  a s a f e ,  compact, r e l i a b l e  i g n i t i o n  system 
f o r  the s p i n / d e s p i n  motors.  
f o r  t h e  ACS motors,  where f r e q u e n t  starts are r e q u i r e d .  Once 
t h e  s p a r k  system and t h e  propane f e e d  system have been provided ,  
t h e  number of restarts i s  l i m i t e d  only by t h e  s i z e  of t h e  propane 
supply .  
LOX on t h e  s p i n / d e s p i n  motors s i n c e  t h e  i n i t i a l  o x i d i z e r  f low 
w i l l  p robably  be  gas ;  however, s i n c e  t h e  i n j e c t o r  would b e  s i z e d  
f o r  LOX, t h i s  system might n o t  provide  r e l i a b l e  i g n i t i o n .  Based 
on t h e s e  c o n s i d e r a t i o n s  and t h e  q u a n t i t a t i v e  r a t i n g s  shown i n  
Table  V - 4 ,  t h e  pyrogen system was s e l e c t e d  f o r  t h e  s p i n / d e s p i n  
motors and t h e  sparked  gas system w a s  s e l e c t e d  f o r  t h e  ACS -motors. 

The spa rk  i g n i t i o n  system i s  i d e a l  

The s p a r k  i g n i t i o n  system could probably  be used w i t h  



MCR-71-11 (Vol 11) 

S 
0 

c, u 
a, 

a, 
v) 

.r 

P 

5i 
c, 
VI z 
Lo 
S 
0 

c, 

S 
CY 

-r 

.r 

H 

e 
I > 
a, 

m 
t- 

7 n 

a, 
c 

I a, 
c 

a, 
I 

3 
a, 
t rn 
n 

VI 
c, 
S 
a, 

L 
3 
0 
a, 
IY 
h 
C l  
Q 
S 
In 
a, cc 

E 
.r 

P- 

VI 
c, 
S 
a, 

L 
3 
lT 
a, 
& 

5 
.r 

z 
L 
0 

=? 
c, 
o r -  - 
m 
S 
0 
E 

o 8 

c, 
S 
W 
E a 
*r VI 
3 - I - 1  
(TS 
wa,  

E o w  
L L  
rn .- 
0 3  
sa, 
OIY 

n u  

3 
.P 
7 

.r n rn 

a, 
E 

.I- - 

.r 
u 
3 
-0 
0 
L 
a 
a, 
IY 
\ 
a, u 
S rns 
E O  
L .r 
Oc, + .r 
L S  
i3-U 
a m  

c, 
VI 
0 
0 



V-8 HCR-71-11 (Vol  11) 

4. Forward Closure Attachment Design 

F i v e  c a n d i d a t e  des igns  were cons idered  f o r  u s e  i n  a t t a c h i n g  
t h e  forward c l o s u r e  t o  t h e  motor case. The f i r s t  d e s i g n  u s e s  a 
s t a n d a r d  snap r i n g  t h a t  l o c k s  t h e  c l o s u r e  t o  t h e  case. The sec- 
ond d e s i g n  u s e s  a double  bayonet concept ,  i n  which a r i n g  l o c k s  
t h e  c l o s u r e  t o  t h e  case; a s p e c i a l  hand g r i p  t o o l  can b e  used t o  
f a c i l i t a t e  assembly. I n  t h e  t h i r d  d e s i g n ,  t h e  c l o s u r e  a t t a c h e s  
t o  t h e  case and is  he ld  i n  p l a c e  by a spr ing-loaded bayonet ;  t h e  
c l o s u r e  i s  locked i n  p l a c e  through a f l a n g e  t h a t  screws i n t o  t h e  
motor case. The f o u r t h  d e s i g n  uses  s e v e r a l  r a d i a l  p i n s  t o  a t t a c h  
and hold t h e  forward c l o s r e  and c a s e  t o g e t h e r ;  a s t r a p ,  w i r e ,  o r  
t a p e  r e t e n t i o n  d e s i g n  holds  t h e  p i n s  i n  p l a c e .  The f i f t h  d e s i g n  
i s  simply a b o l t e d  f l a n g e  concept us ing  f o u r  b o l t s  t o  hold  t h e  
forward c l o s u r e  t o  t h e  case. 

The snap r i n g ,  bayonet ,  and screw d e s i g n s  are n o t  p r a c t i c a l  
f o r  u s e  w i t h  t h e  l a r g e  [about  406 mm (16 i n . )  i n  d iameter ]  s p i n /  
d e s p i n  motors.  However, t h e s e  at tachments  were cons idered  f o r  
u s e  w i t h  t h e  smaller ACS motors .  

I n  r a t i n g  and e v a l u a t i n g  at tachment  concepts ,  c o n s i d e r a t i o n  
w a s  g iven  t o  t h e  motion needed t o  a t t a c h  t h e  c l o s u r e  and t o  t h e  
p h y s i c a l  s i z e  of t h e  c l o s u r e .  Considering a zero-g environment,  
i n s t a l l i n g  a snap r i n g  u s i n g  a r a t c h e t  o r  snap r i n g  p l i e r s  i s  
s u p e r i o r  t o  t h e  r o t a r y  motion r e q u i r e d  t o  a t t a c h  a bayonet o r  
screw f l a n g e .  A s p e c i a l  hand t o o l  could be  designed t o  f a c i l i t a t e  
i n s t a l l a t i o n  of a bayonet des ign .  This  t o o l  would have t o  be  
developed and maintained i n  o p e r a t i o n a l  c o n d i t i o n .  

A snap r i n g  p l i e r s  i s  a n  o f f - t h e - s h e l f ,  r e l i a b l e  t o o l  r e q u i r -  
i n g  l i t t l e  o r  no maintenance. Another advantage of t h e  snap r i n g  
d e s i g n  i s  t h e  e l i m i n a t i o n  of a jammed c l o s u r e  dur ing  motor serv-  
i c i n g  due t o  i n s t a l l a t i o n  al ignment  and and c r o s s  t h r e a d s .  The 
178-mm (7-in.)  d iameter  ACS motors a r e  l a r g e  enough t o  accommodate 
t h e  snap r i n g  a t tachment ,  

The r a d i a l  p i n  at tachment  concept i s  a r e l i a b l e ,  easy-to-use 
method of a t t a c h i n g  t h e  forward c l o s u r e  of t h e  l a r g e r  s p i n / d e s p i n  
motors .  A p i n  at tachment  h a s  a n  advantage over  t h e  b o l t e d  f l a n g e  
concept  s i n c e  no r o t a r y  motion o r  to rque  is  r e q u i r e d  t o  i n s t a l l  
t h e  p i n s .  The s p i n  concept w i l l  r e q u i r e  a p i n  e x t r a c t i o n  t o o l  t o  
f a c i l i t a t e  t h e  removal of t h e  p i n s  dur ing  motor re furb ishment .  A 
s t r a p  us ing  a s u i t c a s e - t y p e  l a t c h  w i l l  b e  used t o  hold t h e  p i n s  
i n  p o s i t i o n  d u r i n g  motor s tandby o p e r a t i o n .  A s  an added precau- 
t i o n  t o  a c c i d e n t a l l y  opening t h e  Latch and uns t rapping  t h e  p i n s ,  
t h e  l a t c h  can b e  cot ter-keyed i n  t h e  c l o s e d  p o s i t i o n .  
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The attachment concepts  were r a t e d  as shown i n  Table V-5. 
The shear  p i n  d e s i g n  o f f e r s  t h e  g r e a t e s t  s a f e t y ,  a s  w e l l  as h igh  
r e l i a b i l i t y ,  low maintenance, and minimum crew requirements ,  and 
w a s  s e l e c t e d  f o r  b o t h  t h e  ACS and s p i n l d e s p i n  motors ,  

5 Motor Refurbishment Conceot 

Three refurbishment  approaches were considered f o r  s e r v i c i n g  
t h e  ACS and s p i n l d e s p i n  motors .  A l l  t h r e e  concepts  provide  f o r  
a s h i r t s l e e v e  environment dur ing  motor s e r v i c i n g .  

The f i r s t  concept  uses  a movable a t tachment  tube.  During re- 
furbishment ,  t h e  tube  i s  used t o  r e t r a c t  and extend t h e  motor. 
During s tandby and f i r i n g ,  t h e  t u b e  is  i n  s t o r a g e  o r  used t o  
service another  motor.  Two tube s i z e s  are r e q u i r e d :  one tube  i s  
used t o  service t h e  smaller ACS motors ,  and t h e  o t h e r  t ube ,  t o  
service t h e  l a r g e r  s p i n l d e s p i n  motors .  

The second concept u s e s  a permanently mounted chamber f o r  
each motor,  The motor i s  r e t r a c t e d  i n t o  t h e  chamber and r o t a t e d .  
A door  i n . t h e  bottom of t h e  chamber provides  access t o  t h e  motor 
f o r  s e r v i c i n g .  

I n  t h e  t h i r d  concept ,  a cap is  p o s i t i o n e d  over t h e  end of t h e  
nozz le  and t h e  motor i s  s e r v i c e d  whi le  a t t a c h e d  i n  i t s  o p e r a t i o n a l  
p o s i t  i o n  e 

Since t h e  s p i n l d e s p i n  motors are o r i e n t e d  r a d i a l l y  w i t h  re- 
s p e c t  t o  t h e  Space S t a t i o n  ax is ,  t h e  movable t u b e  and nozz le  cap 
are t h e  only two a p p l i c a b l e  motor refurbishment  approaches f o r  t h e  
s p i n l d e s p i n  motors.  
t h e  t h r u s t e r  pad and may p r e s e n t  a problem dur ing  launch.  

Note t h a t  t h e  nozz le  cap extends w e l l  beyond 

The t h r e e  motor refurbishment  concepts  are r a t e d  i n  Table V-6. 
A l l  t h r e e  approaches are cons idered  s a f e  and s t a t e - o f - t h e - a r t ,  
The movable tube  approach h e l d  t h e  h i g h e s t  r a t i n g  f o r  b o t h  the &CS 
and s p i n l d e s p i n  motors ,  It scored  h i g h e s t  i n  maintenance, on- 
board equipment, r e l i a b i l i t y ,  and weight ,  The p a r a l l e l  t r a n s f e r  
approach scored  h i g h e s t  i n  crew requi rements ,  b u t  ranked low i n  
onboard equipment and weight .  The nozz le  cap approach w a s  n o t  
ou ts tanding  i n  any ca tegory ,  and w a s  r a t e d  low i n  maintenance and 
crew requi rements ,  

V-9 
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B. DESCRIPTION OF SELECTED TCA DES I GN 

Table V-7 summarizes the design concepts and approaches that 
have been selected for the ACS and spiddespin motors and for the 
refurbishment equipment. The selected esign features a safe, re- 
liable, easy-to-maintain system that provides optimum performance 
over the required operating life. 

Table V-7 Selection Summary 

I CONCEPT 
Refurbishment 
Forward Closure Attachment 
Ignition System 
Fuel Grain 

Propel Ian t  Selection 

ACS MOTOR 
Movabl e Tube 
Shear P i n  
Sparked Propane 
Mono1 i t h i c  
(Cylindrical Port) 
PMM/PBD & GOX 

SPIN/DESPIN MOTOR I 
Movable Tube 
Shear P i n  
Pyrogen Igni te r  
Segmented 
(Cy1 indrical  Port) 
PMM/PBD & LOX 

1. ACS Motors 

The ACS motors will use PIQf/PBD fuel with GOX. The fuel grain 
will be a monolithic (one-piece) cartridge having a cylindrical 
port design. The igniture will use sparked gaseous propane mixed 
with GOX. A shear pin attachment design holds the forward closure 
to the motor case. The shear pin will facilitate removal and in- 
stallation of the forward closure. 

The movable tube motor refurbishment concept was selected for 
the ACS motors. During refurbishment, a tube assembly will be 
placed over the motor and attached to the motor mounting pad. 
This tube assembly will contain a sliding door with an external 
seal that closes off the motor port hole after the motor is re- 
tracted into the refurbishment tube. The tube will then be re- 
pressurized. The door will remain in position during motor removal 
and motor servicing. After refurbishment, the motor will be ex- 
tended into its operational position and the tube assembly (includ- 
ing the environment door) will be removed and stored until needed 
for another motor refurbishment. 
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2. Spin/Despin Motors 

v-13 

The s . i n / d e s p i n  motors w i l l  u s e  PMM-PBD f u e l  w i th  l i q u i d  
oxygen -(LOX) e 

having a c y l i n d r i c a l  p o r t  d e s i g n ,  The segmented f e a t u r e  a l lows  
f o r  ease of handl ing  du r ing  motor re furb ishment .  A pyrogen . 
i g n i t e r  w i l l  p rovide  i g n i t i o n  of t h e  motor. 

The f u e l  g r a i n  c o n s i s t s  of segmented c a r t r i d g e s  

The forward c l o s u r e  i s  he ld  t o  t h e  motor case by 1 6  r a d i a l  
shea r  p i n s .  A c i r c u m f e r e n t i a l  s t r a p  ho lds  t h e  p i n s  i n  p o s i t i o n  
dur ing  s tandby o p e r a t i o n .  The s t r a p  i s  locked i n  p o s i t i o n  w i t h  
a su i t case - type  l a t c h  and c o t t e r  keyed t o  p reven t  a c c i d e n t a l  
un la t ch ing .  A s p e c i a l  p i n  e x t r a c t i n g  t o o l  w i l l  be used t o  re- 
move t h e  p i n s  dur ing  motor s e r v i c i n g .  Motor re furb ishment  w i l l  
be  accomplished us ing  t h e  movable tube  approach i n  t h e  same man- 
n e r  as the  ACS motors .  

C. OXID IZER FEED ASSEMBLY SELECTION 

1. Selection Procedure 

A number of OFAs and r e supp ly  techniques  w e r e  conceived,  based 
Each cand ida te  on r e s u p p l y / r e p a i r  and performance c o n s i d e r a t i o n s .  

was eva lua ted  a g a i n s t  t h e  s e l e c t i o n  c r i t e r i a  p re sen ted  i n  Table  
V-1  t o  datermine t h e  optimum system and r e s u p p l y / r e p a i r  methods 
t o  f u l f i l l  t h e  10-year l i f e  requirement .  

The e v a l u a t i o n  of cand ida te  methods f o r  a g iven  a p p l i c a t i o n  
generally is  based on c o n s i d e r a t i o n  of a number of s e l e c t i o n  c r i -  
ter ia ,  X1# XZ5 I, t, Xn. Furthermore,  t h e s e  c r i te r ia  are 

weighted numer ica l ly ,  TWO types  of weighted c r i t e r i a  are em- 

cand ida te  methods must s a t i s f y  t o  b e  a c c e p t a b l e ,  and q u a n t i t a t i v e  
f a c t o r s  that t h e  methods can f u l f i l l  i n  va ry ing  degrees .  Examples 
sf the two c a t e g o r i e s  are: 

' ploys$:  qual i ta t ive c r i t e r i a  of "go" o r  %o-go" c h a r a c t e r  t h a t  

__ Qualitative ._ __ -. . Criteria Q u a n t i t a t i v e  Criteria 

S a f e t y  Performance 

Stage-of-the-Art Weight 

S i z e  

c o s t  

Rel iab  il i t y 
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Some of the rating criteria can be both quantitative and 
qualitative, depending on the requirements of the application. 
For example, if a maximum weight of 100 kg (220 lb) were a re- 
quirement, all systems heavier than this would be eliminated. 
Systems lighter than this would be rated quantitatively, 

The evaluation technique is considered an objective technique 
since the "figures of merit" that are used are independent of the 
system evaluation and are established before the evaluation. In 
the evaluation, an identical set of requirements and constraints 
is imposed on each method considered. 

The figure of merit approach requires that each of the quan- 
titative criteria be considered individually. This may be repre- 
sented mathematically as: 

1 

$ =  $i 9 

i=l 

where : 

$ = Overall figure of merit; 

$i -- Figure of merit for each quantitative criterion. 

Furthermore, the number of individual figures of merit are 
reduced by placing the figures of merit in terms of certain com- 
mon parameters. For example: 

The location of $ in the numerator or denominator depends on 

whether or not the particular $ improves or degrades @ 
i 

i Q 

The exponents a, b, c, d, and y represent the weight: factQrg 
assigned to each criterion. Their values are determined in the 
following manner. 
ure of merit, the lowest weighting factor is used as the bases and 
the exponents are determined accordingly. For example: 

For those common parameters making up the fig- 



MCR-71-11 (Vol 11) 

SYSTEM 
3 
4 
5 
6 
7 
8 
9 

10 
11 
18 

c 
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The same approach is used in determining the exponent y ,  etc. 

Preliminary screening eliminated a number of candidate oxi- 
dizer feed assemblies due to safety and state-of-the-art con- 
siderations (Table V-8). Systems 3 ,  4 ,  5 ,  8 and 11 were elim- 
inated because they involve combustion during the pressurization, 
which we believe presents a potential safety hazard. Systems 15 
and 18 were eliminated because the elastomeric bladder materials 
are not compatible with cryogens. The jet pump, despite its 
simplicity, has never worked, The turbopump system was eliminated 
because turbopumps that small have never been developed and be- 
cause the moving parts of the turbopump present reliability prob- 
lems for a long-life manned system. Systems 6 and 7 were elim- 
inated because, although they appear attractive, their feasi- 
bility has not been demonstrated 

Table V-8 Candidate Systems Eliminated 

DESCRIPTION 
Heater Self -Pressurizati on 
Heat S i n k  Material Self-Pressurization 
Hydrazine Main Tank Injection 
E l  ectromechani cal Bel 1 ows 
Nechani cal Bel 1 ows 
Sol id Gas Generator (Bel 1 ows) 
Je t  Pump 
Turbopump 
Sol id Gas Generator (Capi 11 ary Screen) 
B1 owdown Stored Gas (B1  adder) 

REASON 
Safety 
State-of-the-Art 
Safety 
State-of-the-Art 
State-of-the-Art 
Safety 
State-of-the-Art 
State-of - the-Art 
Safety 
State-of-the-Art 
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The feed systems were evaluated using the following figure- 
of-merit relation: 

1.86 ' = 'ps (q 
where: 

I + = Overall figure of merit; 

= Figure of merit for the feed system; 
'PS 

= Figure of merit for the resupply requirements; 'R 

= Figure of merit for maintenance and repair. 'm 

The figures of merit for growth potential, Space Station inte- 
gration potential, anboard servicing, etc, are assumed identical 
for a l l  candidate systems. These assumptions are believed valid 
since all candidate systems are similar. 

The figures of merit are evaluated in terms of reliability 
(R), cust (B), crew time ( c ) ,  and weight (W) or mass fraction 
( A ) .  Thus 

,2.32 

where the  crew time is assumed equal for all systems; 

-2.32 , 2 , 3 2  n A - 
3.91 

B c  
'R - 

1 

B c  
- - 

'ln w2.32 3.91' 

[V-4 1 

[V-6 1 

[v-7 1 

where the reliability is assumed constant for all systems. 
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The exponents used in the figures of merit for all system 
calculations (@,,, +R, and @m) were obtained from the following 
relations using the weighting factors in Table V-1 ,  

2a = 15 a = 3.91 

b = 2.32 b 2 = 5  

The base 2 was used since it was the lowest weighting factor con- 
sidered for these parameters. 

For the overall figure of merit, the exponents were obtained 
as follows: 

5c = 20 c = 1.86 

!id = 15 d = 1 , 6 8  

The base 5 represents the lowest weighting factor for this case. 

The data used to determine these numbers were derived in the 
following manner. Each system was considered by parts, a d the 
corresponding weights, costs, reliabilities, and crew time were 

V-9 thru V - 1 2 .  Common numbers were used for all systems, which 
minimizes judgment errors because they are cancelled when one 
uses a reiative comparison method. 

determined. The values for these parts are presented in 1 Ta les 

* 
Tab1 e V-9 Component Weights 

COMPONENT 
Bel 1 ows 
Bel 1 ows Casing 
Tu bi ng 
Quad Check Valve 
Relief Valve 
Burst Disc 
Shutoff Valve 
F i  1 t e r  
Regulator 
Pressurant Tank 

* 

~ 

WEIGHT UNITS 
7 .2  

12.8 
0 - 6  
1.0 
0.3 
0.5 
0.4 
0 - 2  
1.2 
6 , 2  

COMPONENT 
Pressure Gage 
F i l l  & Vent 
Three-Way Val ve 
El e c t r i  c Motor 
S p r i n g  
Gas Tank 
LOX Tank 
Capi 11 ary Screen 
Diaphragm 
Vaporizer 

WEIGHT UNITS 
1.2 
0.2 
0.8 
5.0 
2.0 

158.0 
11.4 
2 .0  
6,O 
1 . 0  

Weight of attaching s t r u c t u r e  and remote instrumentation n o t  
i ncl uded 
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* 
Table V-10 Component Cost 

UASA Pressurization Design Guide. Report No. 2736, July 
1966. 

Table V - 1 1  System Cost*? 

245,380 
245,380 

878,000 229 , 100 
880 , 000 235,380 

908,000 250,580 
1,420,000 177,180 

902,000 245,380 

*IUTASA Pressurization Design Guide. 
Report No. 2736, July 1966. 

SYSTEM I LAUNCH COST I SYSTEM COST 

1,122,380 
1,107 , 100 
1 , 115 , 380 
1 , 147,380 
1 , 158,580 

?Space Station Definition, V O ~  V - Subsystems. 
MSFC-DRL-16, Line Item 8, Contract NAS8-25140. 

Table V-12 component Re l i ab i l i t y  ( 2 . 4  y r )  + Bel 1 ows 
Diaphragm (Metal) 
E lec t r ic  Motor 
Low-Pressure Tank 
Annular Screen 
Regulator 
Quad Check Valve 
Relief Valve 
Shutoff Valve 
F i  1 t e r  
F i l l  & Vent Valve 
Three-way Valve 
Spring 

I 

FAILURE RATE/ 
lo6 H R  OF OPERATION 

2.237 
0.800 
0.300 
0.180 
1.400 
2.140 
5.000 
5.700 
6.500 
0.300 
5.700 
4.000 

FAILURE RATE/HR- 
NONOPERATE 

0.000002 

0.000002 1 0.220 

[EL I AB1 LIT1 
x 

0.958 

0.958* 

( Roperate) (Rnonoperate) Re l i ab i l i t y  = I *  
-0.9999 (for values of e t o  the  n t h  power <0.001, the 

Roperate - r e l i a b i l i t y  i s  approximately = 0.9999 . 
Rnonoperate 4 r~ 0.9589, 

) 
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The weight and c o s t  of components f o r  t h e  a l c u l a t i o n  of t h e  
f i g u r e  of m e r i t  f o r  maintenance were obta ined  i n  t h e  fo l lowing  
manner. Using t h e  r e s u l t s  from t h e  c a l c u l a t i o n  of redundant re- 
l i a b i l i t y ,  w e  es t imated  t h a t  a half-system r e l i a b i l i t y  of 0.61 
would g i v e  a redundant r e l i a b i l i t y  of 0.96. Thus, 0 .61  w a s  used 
i n  determining t h e  t i m e s  necessary  f o r  system replacement.  The 
component f a i l u r e  rates w e r e  t h e  same, s o  t h e  t i m e  f o r  rep lace-  
ment w a s  a f u n c t i o n  of component number. The c a l c u l a t i o n  r e s u l t e d  
i n  t h e  e q u a t i o n  

t = 247,50O/n 

where t i s  t h e  replacement t i m e  i n  hours  and n i s  t h e  number of 
components. Task t i m e s  are presented  i n  Table  V-13 .  

Table V-13 Estimated Task Times 

CO MP 0 N E N T 
Tank 
Quick-Disconnect Valves 
Three-way Val ve 
Pressure Regulator 
Check Valve 
Re1 i ef Val ve 
Burst Disc 
Fi 1 t e r  
Lines & Fi t t ings  
Solenoid Valves 
Motor 
S p r i n g  
Annular Screen 
Diaphragm (Same as Tank) 

PRESSURIZATION 
SUBSYSTEM (minutes) 

PROPELLANT STORAGE 
L4 TRANSFER SUBSYSTEM 

(minutes) 
81 
74 
85 
76 
71 
78 
78 
59 

144 
73 
69 

255 
160 
211 
165 
160 
167 
167 
93 

213 
162 

153 
231 
255 

v-19 
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- 

NO. 
1 

2 

12 
13 

- 

14 

16 

17 

- 

The replacement weights  and c o s t s  were obta ined  by d i v i d i n g  
t h e  system weight  and c o s t  by t h e  number of y e a r s  between rep lace-  
ment. The c r e w  t i m e  w a s  ob ta ined  from t h e  unscheduled maintenance 
c a l c u l a t i o n .  The r e l i a b i l i t y ,  weight ,  and c o s t  of t h e  system were 
obta ined  from previous  c a l c u l a t i o n s .  

The r e s u l t s  of t h e  c a l c u l a t i o n s  f o r  t h e  feed systems are pre- 
s e n t e d  i n  Table  V-14 .  

The resupply  systems t h a t  were cons idered  are  l i s t e d  i n  Table  
V - 1 5 .  The r e s u l t s  of t h e  resupply  a n a l y s i s  are presented  i n  
Table  V-16.  

Table V-14 Evaluation o f  OFA Systems 

NAME 
Bl owdakn Gas, 
Bel 1 o\ks 

Regulated Gas, 
Bel 1 ows 
Gaseous Feed 
B1 owdown Gas, 
Capi 1 1 ary 
Screen 
Regulated Gas, 
Screen 
B1 owdown Gas, 
Diaphragm 
Regulated Gas 
Diaphragm 

RPs 
0.8535 

0 $3585 

0.9328 
0.8535 

0.8238 

0.8535 

0.8238 

PS 

1.756 

1.804 

6.608 
1.384 

W 

( , lo21 - 

1.40 

1.584 

1.60 

@*S 

6 
PS ($  in  mi l l i ons )  

1.482 

1.6585 

2.097 
2.1204 

2.1224 

1.8571 

1.86538 

@PS 

0.1265 

0.105 

0.00507 
0.153 

0.138 

0.1275 

0.115 

- 

4 R  
x 102) - 
3.32 

3.32 

9.. 35 
3.32 

3.32 

3.32 

3.32 

w 
(x102)  

0.999 

1.02 

0.31 
0.786 

0.896 

0.90 

1.02 

Table V-15 Resupply Techniques 

6 

1.39 

1.425 

0.63 
1.39 

(x105 $1 

1.57 

1.30 

1.495 

OXYGEN RESUPPLY PRESSURANT RESUPPLY 
Bellows & Spring B1 owdown 
Bellows & blotor 
Bel lows & Manual Drive Bel lows & Motor 
Bellows & Gas Bel lows & Manual Drive 
Bladder & Gas Modular Replacement 
Diaphragm & Gas 
Screen & Gas 
Modular Replacement 
Paddle/Vortex 

Bel lows & Spring 

4, - 

C 
1.19 

1.15 

0.395 
0.895 

- 

0.905 

2.32 

2.34 

Om 

0.366 

0.383 

8.48 
1.94 

1.21 

0.0365 

0.0231 

- 
@ 

x 10-2 
1.04 

0.93 

0.784 
6.3 

- 

8.5 

0.02 

0.01 
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Table V-16 Resupply Evaluation 

LOX Resupply 

APPROACH 
Bellows & Spring 
Bellows & Motor 
Bel lows & Manual Drive 
Bellows & Gas 
Bladder & Gas 
Diaphragm 
Screen & Gas 
Madul ar Rep1 acement 
Paddl elvortex 

R 

0.9227 
0.9235 

0.9259 
0.9230 

0.5563 
0.9397 

0.9298 

0.9978 
0.9396 

x 
0.705 
0.685 

0.710 
0.677 
0.748 

0.740 

0.746 
0.848 
0.710 

C 

0.784 
0.815 

1.2 
0.784 

0 784 
0.784 

0.784 
2.4 

0.815 

(W 
B 

0.71616 
0.69276 

0.68776 
0.62876 

0.60876 
0.61036 

0.80716 
0.4807 

0.89786 

( 4 0 6 )  

b) Pressurant Resupply 

OR 
( x l o -  3 )  

1.33 

1.12 
0.270 
1.38 

0.559 
1 .80 

1.38 

0.0445 

0.970 

4.95 
5.95 
1.03 
0.548 

v-21 
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2 .  Description o f  Selected OFA Design 

The l e a d i n g  o x i d i z e r  feed  system i s  t h e  blowdown s y s t e m - w i t h  
screens.. This  system is undergoing development as t h e  p r o p u l s i o n  
system f o r  t h e  Grand Tour s p a c e c r a f t ,  as w e l l  as f o r  zero-g pro- 
p u l s i o n  on t h e  S h u t t l e .  Thus, t h i s  system h a s  been s e l e c t e d  as 
t h e  p r e f e r r e d  o x i d i z e r  f e e d  system. 

The p r e f e r r e d  resupply  methods are: 

1) 
2 )  P r e s s u r a n t  -- Blowdown. 

Oxidizer  -- Blowdown gas  w i t h  s c r e e n s ;  

The blowdown system w i t h  s c r e e n s  i s  r a t e d  equal  t o  t h e  bel lows 
system f o r  resupply  of t h e  o x i d i z e r .  However, t o  minimize develop- 
ment c o s t ,  t h e  s c r e e n  system i s  s e l e c t e d  s i n c e  t h i s  i s  a l s o  t h e  
p r e f e r r e d  system f o r  t h e  o x i d i z e r  feed  system. The bel lows system 
p r e s e n t s  materials problems i f  i t  i s  cons idered  f o r  r e u s e .  

The blowdown system f o r  t h e  p r e s s u r a n t  resupply  i s  p r e f e r r e d  
s i n c e  i t  minimizes crew rime but  i s  economical and p o s s e s s e s  good 
r e l i a b i l i t y  e 

Note t h a t  i n  t h i s  a n a l y s i s ,  crew t i m e  i s  of major importance.  
A s  a r e s u l t ,  t h e  p r e f e r r e d  systems/methods are t h o s e  t h a t  minimize  
crew t i m e .  Changing t h e  weight ing of t h e  e v a l u a t i o n  c r i t e r i a  
would, of course,  change t h e  r e s u l t s .  
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The conceptua l  hybr id  APS meets a l l  A P S  performance r equ i r e -  
ments and has  h igh  s a f e t y  and r e l i a b i l i t y ,  low maintenance and 
resupply requi rements ,  and minimum weight .  The des ign  approaches 
presented  i n  Chapter  V were f u r t h e r  opt imized t o  minimize mainte- 
nance,  r e p a i r ,  and resupply  requi rements .  Propuls ion  o p e r a t i n g  
cond i t ions  were opt imized t o  ensu re  long  nozz le  l i f e .  Oxid izer  
f low components were opt imized ,  based on the s e l e c t i o n  of LOX f o r  
t h e  sp in /desp in  motors and GOX f o r  t h e  ACS motors.  I g n i t i o n  sys-  
t e m  des igns  were opt imized ,  and a f l u i d i c  propane i n j e c t i o n  sys-  
t e m  w a s  s e l e c t e d  f o r  t h e  ACS motors t o  reduce maintenance and 
i n c r e a s e  r e l i a b i l i t y .  

The APS w a s  designed t o  o p e r a t e  s a f e l y  and r e l i a b l y  f o r  10 
y e a r s  wi th  a minimum of r e q u i r e d  i n f l i g h t  maintenance. Only state- 
o f - the -a r t  des igns  w e r e  cons idered ,  and of f - the-she l f  components 
were employed wherever p o s s i b l e .  The s p i d d e s p i n  motors were 
opt imized f o r  t h e  planned f ive  a r t i f i c i a l - g  c y c l e s  dur ing  t h e  
f i r s t  18 months. I n  s p i t e  of  t h e i r  l a r g e r  s i z e ,  t hese  motors 
were designed t o  b e  handled and r e fu rb i shed  by one man t o  reduce 
crew requirements .  The i n t e g r a t e d  hybr id  AE'S was designed wi th  
16  ACS motors and t h r e e  sp in /desp in  motors;  all a s s o c i a t e d  l ines  
and valves were l o c a t e d  on two t h r u s t e r  pads.  Mass requirement8 
were eva lua ted  f o r  t h e  ACS motors ,  t h e  sp in /desp in  motors,  and 
t h e  OFAs.  Performance and exhaus t  p roduc t s  were eva lua ted  f o r  
t h e  hybr id  APS, and b a l l i s t i c  d a t a  w e r e  p re sen ted  f o r  bo th  motors ,  
R e l i a b i l i t y  p r e d i c t i o n s  w e r e  made f o r  bo th  motors and the  complete 
system. The numerous s a f e t y  f e a t u r e s  of  t h e  s e l e c t e d  hybr id  APS 
were compiled e 

This t a s k  w a s  composed o f  t h e  fo l lowing  sub ta sks :  

Sub t a s k  Desc r ip t ion  

1 Long-Life Methods Design Guide 

2 TCA Design Opt imiza t ion  

3 A t t i t u d e  Cont ro l  Motor Design 

4 Spin/Despin Motor Design 

5 Oxid izer  Peed Assembly Design 

6 Propuls ion  System F a c i l i t i e s  

7 APS Mass and Performance 

8 APS S a f e t y  and R e l i a b i l i t y  
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A. L O N G - L I F E  METHODS D E S I G N  G U I D E  

This  s e c t i o n  p r e s e n t s  t h e  d e s i g n  phi losophy and d e s i g n  guide- 
l i n e s  used t o  d e s i g n  t h e  conceptua l  h y b r i d  APS. This  p r o p u l s i o n  sub- 
system must have a l o n g - l i f e  c a p a b i l i t y  i n  space  t o  s a t i s f y  t h e  re- 
quirements  of t h e  Space S t a t i o n .  Long l i f e  i s  i n t e r p r e t e d  t o  mean: 

1) Long exposure t o  t h e  space environment (%lo y r ) ;  

2 )  Long t o t a l  engine burnt ime (%2000 sec f o r  t h e  ACS 

3 )  Many engine  i g n i t i o n s  i n  space  (%200 f o r  t h e  ACS 

4 )  Any combination of t h e s e  requi rements .  

motor and %10,000 sec f o r  the s p i n / d e s p i n  m o t o r s ) ;  

motors)  ; 

The l i f e  c a p a b i l i t y  of the APS i s  a major c o n s i d e r a t i o n  a f f e c t -  
i n g  t h e  o p e r a t i n g  l i f e  o f  t h e  Space S t a t i o n .  The l o n g - l i f e  d e s i g n  
methods presented  below are t a i l o r e d  s p e c i f i c a l l y  f o r  t h e  h y b r i d  
APS al though much of  t h e  d a t a  i s  a p p l i c a b l e  t o  o t h e r  p r o p u l s i o n  
subsystems o r  s imi la r  types  of subsystems. 

The p r o b a b i l i t y  of s u c c e s s f u l  h y b r i d  APS o p e r a t i o n  f o r  a 
s p e c i f i e d  p e r i o d  o f  t i m e  i s  b a s i c a l l y  a f u n c t i o n  of t h e  wearout 
and rundown f a i l u r e  c h a r a c t e r i s t i c s  o f  t h e  components t h a t  make 
up the h y b r i d  APS, To determine what techniques  are r e q u i r e d  t o  
o b t a i n  t h e  n e c e s s a r y  r e l i a b i l i t y  and s a f e t y  f o r  t h e  10-yr Space 
S t a t i o n  m i s s i o n z  It i s  necessary  t o  a s c e r t a i n  whether wearout  o r  
rundown fa i lures  are dominant. Operat ing redundancy w i l l  n o t  
minimize wearout problems s i n c e  redundant components are wearing 
s imul taneous ly ;  r e d e s i g n ,  s tandby redundancy, o r  replacement are 
t h e  p r i n c i p a l  methods t h a t  can b e  employed t o  i n c r e a s e  l i f e .  De-  

a s i n g  t h e  rundown f a i l u r e  r a t e  w i l l  n o t  s o l v e  t h e  wearout 
problems . 

S p e c i f i c  ground r u l e s  f o r  e s t a b l i s h i n g  t h e  most e f f e c t i v e  
technique  depend Qn t h e  s p e c i f i c  a p p l i c a t i o n .  For o u r  a p p l i c a -  
t icm ( i a e s >  an APS f o r  a Space S t a t i o n  € o r  10 y r ) ,  t h e  o p e r a t i o n a l  
requirements can be  m e t  on ly  by employing i n f l i g h t  maintenance. 
A prev ious  a n a l y s i s  had shown t h a t  t h e  r e q u i r e d  r e l i a b i l i t y  could 
not  b e  obta ined  w i t h  a nonmaintainable  ACPS. The t o t a l  weight  
( o r  pei-haps some o t h e r  c o n s t r a i n t )  f o r  t h e  nonmaintainable  A P S  
i s  determined from t h e  sum of t h e  component weights  f o r  each t i m e  
p e r i o d .  S i m i l a r l y ,  a n o t h e r  curve i s  determined f o r  t h e  maintain-  
a b l e  case by determining t h e  weight  of  t h e  s p a r e s ,  i s o l a t i o n  and 
d e t e c t i o n  equipment, e t c ,  t o  achieve  t h e  same miss ion  requi rements .  
The fo l lowing  f i g u r e  shows t h e  g e n e r a l  shape of t h e  curves  and t h e  
c rossover  p o i n t ,  
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Fig. VI-1 Weight vs Mission Time for Maintainable and 
Nonmaintainable Propulsion Systems 

1. Design Phi  1 osophy 

Achieving l o n g - l i f  e i n  t h e  hybr id  A P S  components r e q u i r e s  t h e  
utmost a t t e n t i o n  t o  d e t a i l  i n  adher ing  t o  a des ign  phi losophy de- 
s igned  t o  eliminate l i f e - s h o r t e n i n g  f a c t o r s  i n  A P S  o p e r a t i o n s .  
This r e q u i r e s  a complete f a m i l i a r i t y  wi th  a l l  of t h e  AF'S des ign  
f a c t o r s  and as complete an unders tanding  as p o s s i b l e  of t he  ele- 
ments involved i n  t h e  i n s t a l l a t i o n ,  checkout ,  and o p e r a t i o n  of  
t h e  APS on t h e  Space S t a t i o n .  

One method of provid ing  a l o n g - l i f e  c a p a b i l i t y  f o r  t h e  hybr id  
A P S  i s  t o  des ign  a l l  l i f e - c r i t i ca l  p a r t s  w i th  l a r g e  margins,  i . e . ,  
t he  o p e r a t i n g  margins on t h e  performance of t h e  components. One 
area i n  which l a r g e  margins can s i g n i f i c a n t l y  c o n t r i b u t e  t o  long 
l i f e  i n  t h e  hybr id  A P S  i nvo lves  t h e  combustion chamber temperature  
margin.  For example, decreas ing  t h e  maximum chamber w a l l  temper- 
a t u r e  from 3100°F t o  2000°F* would i n c r e a s e  chamber l i f e  from 30 
minutes  t o  more than 1000 h r .  S i m i l a r l y ,  t h e  des ign  margin f o r  
r e s i s t i n g  i n t e r n a l  p r e s s u r e s  should a l s o  be  l a r g e  f o r  t h e  pres -  
s u r a n t  t anks ,  o x i d i z e r  tanks  s combustion chambers, and a s s o c i a t e d  
plumbing e 

Another means of ach iev ing  l o n g  l i f e  i s  t o  use  s e l f - h e a l i n g  
c h a r a c t e r i s t i c s  i n  p o r t i o n s  of t h e  system t h a t  are s u b j e c t  t o  
damage from long use  o r  s u b j e c t  t o  unacceptab le  l e a k s .  

A major problem i n  the  p a s t  h a s  been t h e  thermal  c o n t r o l  of 
v a r i o u s  subsystems. Therefore ,  t h e  o p e r a t i n g  tempera tures  of t h e  
v a r i o u s  components of  t he  p ropu l s ion  subsystem must be  c o n t r o l l e d  
w i t h i n  their des ign  l i m i t s  e 

akL* R. B e l l :  "Long-Life React ion Cont ro l  System Engines and 
Valves I '  AIAA Paper  70-603 A I M  6 t h  Propuls ion  J o i n t  S p e c i a l i s t  
Conferences June 15-19, 1970. 
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The des ign  of t h e  hybr id  A P S  has  t o  enab le  proper  o p e r a t i o n  
i n  s p i t e  of f a i l u r e s .  It i s  impera t ive  t h a t  t h e  f a i l u r e  of a 
c r i t i c a l  component b e  e l imina ted  i f  t h a t  f a i l u r e  could r e s u l t  i n  
t h e  l o s s  of a s i n g l e  f u n c t i o n  o r  induce  nonstandard o p e r a t i n g  con- 
d i t i o n s  t h a t  would cause o t h e r  components t o  b e  o v e r s t r e s s e d  and 
enab le  f a i l u r e s  t o  propagate  n o t  on ly  throughout  t h e  p ropu l s ion  
subsystem, b u t  a l s o  throughout  t h e  Space S t a t i o n .  The on ly  prac-  
t i c a l  way of  avoid ing  t h i s  problem i s  through t h e  use  of redun- 
dancy -- e i t h e r  by p a r a l l e l i n g  two o r  more p h y s i c a l l y  i d e n t i c a l  
systems,  o r  by p a r a l l e l i n g  two o r  more f u n c t i o n a l l y  s i m i l a r ,  b u t  
p h y s i c a l l y  d i f f e r e n t  s y s  t e m s  . Funct iona l  redundancy i n  t h e  p a r a l -  
l e l i n g  of p h y s i c a l l y  d i f f e r e n t ,  b u t  o p e r a t i o n a l l y  i d e n t i c a l  sub- 
systems o f f e r s  g r e a t e r  p r o t e c t i o n  a g a i n s t  c a s u a l  f a i l u r e s ,  and i n  
many cases  can b e  designed i n t o  the  system a t  r e l a t i v e l y  low c o s t  
i n  terms of power, weight ,  volume, and complexity.* 

Another approach t o  long l i f e  i s  t o  use a l t e r n a t i v e  o p e r a t i n g  
methods t o  s a t i s f y  Space S t a t i o n  AE'S requi rements .  An example 
might be t o  u s e  t h e  environmental  l i f e  suppor t  system t o  provide  
t h e  oxygen. 

Hardware commonality w i t h  o t h e r  subsystems,  when combined w i t h  
i n f l i g h t  maintenance, p rov ides  ano the r  means of improving A P S  re- 
l i a b i l i t y .  

It has  long  been recognized t h a t  r e l i a b i l i t y  i s  enhanced by 
us ing  t h e  s i m p l e s t  p o s s i b l e  des ign  t h a t  w i l l  s a t i s f y  t h e  r e q u i r e d  
f u n c t i o n s .  This phi losophy g e n e r a l l y  l e a d s  t o  des igns  i n  which 
t h e  t o t a l  number of p a r t s  i s  minimized. Obviously,  f o r  t h e  des ign  
of l o n g - l i f e  components, i t  i s  even more d e s i r a b l e  t o  minimize 
t h e  number of  p a r t s  sub jec t ed  t o  wear. This g e n e r a l l y  r e s u l t s  i n  
reducing t h e  number of moving p a r t s .  

Another major cons ide ra t ion  i n  t h e  des ign  of l o n g - l i f e  propul-  
s i o n  subsystems i s  a thorough a n a l y s i s  of f a i l u r e  modes and e f f e c t s .  
I n  a d d i t i o n ,  sc rupulous  a t t e n t i o n  must be  devoted t o  developing 
adequate  q u a l i t y  c o n t r o l  techniques dur ing  a l l  phases  of f ab r i ca -  
t i o n ,  assembly, and t e s t i n g .  

*Re Draper,  T .  Gavin, and E. Grogin: "Achieving a Long-Life, 
R e l i a b l e  Spacec ra f t :  An Overview." Jet Propuls ion  Laboratory,  
Pasadena, C a l i f o r n i a ,  June 1 9 ,  1970,  
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ass 
F i n a l l y  

i r ed  t h r c  
a l o n g - l i f e  propuls ion  system d e s i g n  can only b e  
tgh s u b j e c t i n g  t h e  engine  t o  a comprehensive test 

program dur ing  t h e  development program. This  program should in -  
i t i a l l y  cover ,  t o  t h e  g r e a t e s t  e x t e n t  p o s s i b l e ,  t h e  f u l l  range 
of expected o p e r a t i o n a l  and environmental  f a c t o r s  expected i n  t h e  
a c t u a l  mission.  To provide  assurance  of achiev ing  a s u c c e s s f u l  
miss ion ,  ground tests should b e  s t r u c t u r e d  t o  produce complete 
e v a l u a t i o n  of  t h e  v a r i a b l e s  of  engine  f u n c t i o n s ,  and environments 
expected dur ing  t h e  l i f e  of t h e  Space S t a t i o n .  Based on t h e  ex- 
p e r i e n c e  o f  t h e  Mariner program,)\ t h e  o v e r a l l  t es t  program should 

Screening Tests - Before assembling type approval  o r  
f l i g h t  propuls ion  systems,  components are screened  at 
extreme test levels t o  e n s u r e  t h a t  t h e  components 
s e l e c t e d  will b e  as f r e e  of i n f a n t  m o r t a l i t y  as pos- 
s i b l e ,  and as r e l i a b l e  as p o s s i b l e ;  

Developmental T e s t  - Developmental tests are performed 
t o  confirm t h e  a n a l y s i s  used t o  c o n s t r u c t  t h e  s e l e c t e d  
d e s i g n  approach; 

Type Approval T e s t s  - Type approval  t es t s  are t h e  
formal  environmental  q u a l i f i c a t i o n  tests of t h e  engine 
des  i gn ; 

F l i g h t  Acceptance Tests - These tests v e r i f y  t h a t  manu- 
f a c t u r i n g  and workmanship q u a l i t y  are a c c e p t a b l e  f o r  
f l i g h t  ; 

L i f e  Tests - These tests provide  informat ion  about  t h e  
o p e r a t i n g  c h a r a c t e r i s t i c s  of  t h e  engines  as a f u n c t i o n  
o f  t i m e ,  and are used t o  estimate t h e  u s e f u l  l i f e  of 
t h e  engines  and t h e i r  components. 

2. Des i gn Gui  del i nes 

The des ign  g u i d e l i n e s  p r e s e n t e d  i n  Table  VI-1 are based on 
g e n e r a l  ' 'do's1' and "don ' t ' s ' '  f o r  l o n g - l i f e  space  components.? 
These g e n e r a l  g u i d e l i n e s  have been updated and modif ied f o r  h y b r i d  
a u x i l i a r y  propuls ion  subsystems, 

* 
R. Draper,  T ,  Gavin, and E .  Grogin: Achieving a Long-Life, 

Reliable Spacecraft: An Overview. Je t  Propuls ion  Laboratory,  
Pasadena, C a l i f o r n i a ,  June 1 9 ,  1970. 

SHazdbook of Long-Life Space VehicZe Investigations.  
Martin Marietta Corpora t ion ,  Denver, Colorado, December 1968. 

M-68-21. 
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Table VI-1 Design Guidelines f o r  a Long-Life Hybrid APS 

DOs - 
Design to  meet the environment. 
Build the subsystem as designed. 
Test to  see tha t  the design i s  met. 
Subject electronics t o  temperature cycle t e s t s ,  
Use margin tests on mechanical items. 
Build the subsystem clean. 
Incorporate rupture diaphragms in to  the ordnance valve body i f  possible. 
Use spherical (ball-poppet) sea ls  where possible. 
Restrain Teflon on three sides to reduce cold flow. 
Apply switch actuation and release forces d i rec t ly  to  the contacts. 
Exercise care i n  se lec t ing  pressure regulators because only a few are designed f o r  use under 
the space environment. 
Coat vacuum-exposed surfaces of polymer sea ls  w i t h  an evaporation ba r r i e r .  
Ensure tha t  minimum seal s t r e s s  i s  maintained under a l l  environments. 
Remember tha t  some seal materials degrade i n  the space environment. 
Use screen-type posit ive expulsion devices i f  possible. 
Use nonconductive mountings f o r  cryogenic storage tanks. 
Insulate the spacecraft  skin near the cryogenic storage tanks. 
Minimize the need f o r  controls i n  pressure-fed rocket propulsion systems because control 
valve f a i lu re  ra tes  a re  h i g h .  
Test f o r  environmental compatibility and emphasize the possible in te rac t ion  of the environ- 
ments. 
oxygen atmosphere. 
Evaluate the e f f ec t  of mission duration on f a i lu re  modes and f a i l u r e  mechanisms. For 
longer missions, d i f fe ren t  f a i lu re  modes and f a i lu re  mechanisms may become the major 
l i fe - l imi t ing  fac tors .  
Reduce the probabili ty of cold welding by using contact materials t h a t  are d iss imi la r ,  and/or 
have hexagonal s t ruc tu re ,  and/or are mutually immiscible i n  the l iqu id  s t a t e ,  and/or by main- 
taining a lubricant f i lm between contact surfaces.  
Provide adequate conductive heat removal, especially f o r  polymer lubricants t h a t  require 
special  heat-dissipation consideration. 
Prevent outgassing contaminants from condensing on optical  surfaces.  
Use conservative opening and closing valve force margins (a margin of 300% i s  suggested). 
Verify these margins by t e s t .  
Use redundant sea ts  and solenoids i n  valves when p rac t i ca l ,  and prove force margins w i t h  one 
and both solenoids operating. 
For vacuum exposures, design valves so tha t  a l l  moving, mating par t s  are on the pressure 
s ide  o f  the valve. 
Design cryogenic storage tanks so tha t  welded or brazed jo in t s  can be thoroughly inspected. 
Hold welded or brazed jo in t s  i n  cryogenic storage tanks to  a m i n i m u m .  

DON ' Ts 
Don't ignore the obvious. 
Don't forge t  t h a t  metal s ea l s  may cold weld. 
Don't expect long l i f e  from rubber O-rings. 
Don't forget t h a t  leaks due t o  contamination are a major cause of valve f a i lu re .  
Don't use Teflon sea t s  a t  temperatures above 300°F because they a re  eas i ly  damaged by la rge  
pa r t i c l e s  and vibration. 
D o n ' t  forget t ha t  Teflon will  cold flow. 
Don't p la te  internal valve parts exposed to  f lu id .  
Don't forget t h a t  some solders melt a t  re la t ive ly  low temperatures. 
Don't forget t ha t  some seal materials may vulcanize t o  the seal gland. 
Don't expect convoluted metal diaphragms t o  recycle. 
Don't forget t ha t  machining may expose subsurface inclusions in metals t ha t  have been rolled 
o r  extruded. 
Don't allow a malfunction t o  release tox ic  gases t h a t  m i g h t  harm men or equipment. 
Don't depend so le ly  on redundancy to  provide r e l i a b i l i t y .  

For example, radiation a f fec ts  SOW materials d i f fe ren t ly  i n  a vacuum than i n  an 



B.  TCA DESIGN OPTIMIZATION 

1. Motor Opera t ing  P o i n t  
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S e l e c t i n g  t h e  optimum motor o p e r a t i n g  cond i t ions  invo lves  
t r a d i n g  o f f  maintenance, r e p a i r ,  and resupply  requirements .  S ince  
f u e l  g r a i n  replacement i s  t h e  primary maintenance f u n c t i o n  f o r  a 
hybr id  TCA, minimizing maintenance means maximizing t h e  t o t a l  
impulse between g r a i n  changes. For a g iven  t h r u s t  level based 
on t h e  parametric motor a n a l y s i s  performed i n  Chapter 111, maxi- 
mizing t h e  t o t a l  impulse means us ing  h i g h e r  O/F r a t i o s  and h ighe r  
chamber p r e s s u r e s  t o  i n c r e a s e  the maximum p o r t  area and expansion 
r a t i o  e 

A hybrid A P S  w i l l  have minimal repair requirements  un le s s  t h e  
motor o p e r a t i n g  cond i t ions  are severe enough t o  r e q u i r e  f r equen t  
replacement of  t h e  motor case  and nozz le  assembly. A molybdenum 
d i s i l i c i d e - c o a t e d ,  rad ia t ion-cooled  molybdenum motor case and 
nozz le  assembly has  been s e l e c t e d  as t h e  optimum des ign  approach. 
The s i l i c i d e  coa t ing  on molybdenum has  a long  h i s t o r y  of e s t a b -  
l i s h e d  f a b r i c a t i o n  techniques .  During tests* wi th  an NTO/ (85% 
N 2 H q / 1 5 %  H20) p r o p e l l a n t  system, a MoSi2-caated-molybdenum t h r o a t  
surv ived  f i r i n g s  of over  1000 sec a t  862 kN/m2 (125 p s i a )  a t  a 
w a l l  temperature  of 1783°K (2750°F) wi thou t  be ing  damaged, In  a 
f i n a l  t es t ,  t h e  t h r o a t  tempera ture  exceeded t h e  me l t ing  p o i n t  of 
t h e  MoSi2 coa t ing  and f a i l u r e  occurred  a t  a t h r o a t  temperature  
of 2033°K (3200°F). These and o t h e r  tests i n d i c a t e  t h a t  MoSi2 
coa t ings  can provide  n e a r l y  un l imi t ed  p r o t e c t i o n  f o r  molybdenum 
cases as long  as t h e  temperature  i s  h e l d  below 1922°K (3000°F) 
and t h e  boundary l a y e r  i s  no t  o x i d i z e r - r i c h .  

Because both  t h e  ACS and sp in /desg in  motors Q p e r a t e  f o r  #n 
extended pe r iod  of t i m e  dur ing  t h e i r  r equ i r ed  l f fe t r lmes ,  t h e  maxi- 
mum s t e a d y - s t a t e  t h r o a t  tempera ture  must b e  under 1922% (3000°F) 
and t h e  maximum shor t - te rm tempera ture  f o r  pu lsed  o p e r a t i o a  should  
be  s u b s t a n t i a l l y  less than  t h i s .  Based on current:  impulse r equ i r e -  
ments,  t he  average 222-N 50 l b  AC5 motor w i l l  be f i r e d  i n  
hundreds of p u l s e s  f o r  a t o t a l  of about  2000 Bee dur ing  i t s  18- 
y e a r  l i f e ,  and t h e  t h r e e  b a s e l i n e  1 1 1 4 - N  250-lb s p f n / d e s p h  

motors w i l l  b e  f i r e d  10 t i m e s  f o r  a tQ ta l  of absu t  9300 6 

- f) 

( €1 

*N. R ,  B a l l i n g  and R. I .  Bat is ta :  "Rocket Engine Evalua t ion  
of P r o t e c t i v e  Coat ings."  A I M  Paper  68-597. 
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18 months, By hold ing  t h e  maximum t h r o a t  temperature  below 1922°K 
(3000°F) and by provid ing  a f u e l - r i c h  boundary l a y e r ,  t h e  s p i n /  
d e s p i n  motor cases can b e  expected t o  complete t h e i r  miss ion  with-  
o u t  be ing  rep laced .  S i m i l a r l y ,  by h o l d i n g  t h e  ACS motor t h r o a t  
temperature  a f t e r  a 10-sec f i r i n g  t o  between 1367°K (2000°F) and 
1478°K (2200"F),  t h e  ACS motor cases can b e  expected t o  s u r v i v e  
10 y e a r s  w i t h o u t  replacement.  

The nozz le  thermal a n a l y s i s  performed i n  Chapter LII showed 
t h a t  o x i d i z e r - r i c h  o p e r a t i o n  w a s  incompat ib le  w i t h  long  n o z z l e  
l i f e ,  But h y b r i d  combustion is  f u e l - r i c h ,  and the f l a m e  zone O/F 
r a t i o  i s  only  approximately 75% o f  t h e  motor O/F. The boundary- 
l a y e r  cool ing  e f f e c t  i n  the a f t  c l o s u r e  and n o z z l e  i s  s t r e n g l y  
a f f e c t e d  by t h e  nozz le  contour .  The unsubmerged n o z z l e  contour  
chosen f o r  t h e  A P S  motors w i l l  maintain a coo l ,  f u e l - r i c h  boundary 
l a y e r  t o  p r o t e c t  t h e  a f t  c l o s u r e  and n o z z l e .  
t h i s  boundary l a y e r  should  b e  e q u i v a l e n t  t o  about 67% of the motor 
O/P r a t i o ,  o r  s l i g h t l y  c o o l e r  than  t h e  temperature  i n  t h e  f l a m e  
zone. 

The O/F r a t i o  i n  

Oxid izer  r i c h  o p e r a t i o n  d r a m a t i c a l l y  i n c r e a s e s  the boundary- 
Layer temperature  and s h o r t e n s  nozz le  l i f e .  A boundary l a y e r  
O/F = 1 . 3 3  and a chamber p r e s s u r e  of 552 k N / m 2  (80 p s i a )  i s  re- 
q u i r e d  t o  limit t h e  s t e a d y - s t a t e  maximum t h r o a t  temperature  t o  
less t h m  1922°K (3000°F). This  a l lows f o r  t i m e  v a r i a t i o n s  o r  
spec ia l  v a r i a t i o n 6  i n  t h r o a t  temperature  w i t h o u t  damaging t h e  
MoSi, p r o t e c t i v e  c o a t i n g .  

The r e g r e s s i o n  c h a r a c t e r i s t i c s  of PMM/PBD f u e l  w i t h  oxygen 

i s  above about  7.037 kg/m2-sec 
f a v o r  a s l i g h t  s h i f t  t o  f u e l - r i c h  o p e r a t i o n  dur ing  motor f i r i n g .  
When t h e  o x i d i z e r  mass f l ux ,  G 

(0,Ol Lbm/in.2-sec) ,  t h e  f u e l  r e g r e s s i o n  ra te  i s  roughly propor- 

tioncal t o  GQ. r a d i a t i o n  e f f e c t s  

f l ag ten  the regress iop  ra te  curve and tend t o  make a motor w i t h  

0 

However, a t  lower v a l u e s  of  G 
0 '  

o p e r a t e  f u e l - r i c h .  Fue l - r ich  o p e r a t i o n  can 
t e n i n g  t h e  g r a i n  l e n g t h  t o  main ta in  a c o n s t a n t  
d e c r e a s i n g  t h e  g r a i n  l e n g t h  ex tends  t h e  

boundary l a y e r  d i a t a n c e  frQm t h e  end of t h e  f u e l  g r a i n  t o  t h e  
noenre EhrQat ,  and a l o n g e r  boundary l a y e r  reduces t h e  f i l m  cool- 
i ng  effects  at  t h e  t h r o a t .  Therefore ,  t o  m a i n t a i n  an e f fec t ive  

l a y e r  O/F of 1 . 3 3  a t  t h e  t h r o a t ,  t h e  motor must b e  allowed 
t e  more f u e l - r i c h  as t h e  g r a i n  l e n g t h  d e c r e a s e s .  I n i -  

t i a l l y ,  rnstor @ p e r a t i o n  a t  O/F = 2.0 o r  s l i g h t l y  h i g h e r  should  
b e  s u f f i c z e n t  t o  mainta in  an e f f e c t i v e  boundary l a y e r  O/F = 1.33 
a t  t h e  Clnr94t. However, as t h e  g r a i n  l e n g t h  s h o r t e n s  d u r i n g  f i r i n g ,  
a Lower motor O / F  ( e . g , ,  1,SO) would be a d v i s a b l e  t o  e n s u r e  con- 
t i n u e d  f i l m  c o o l i n g  a t  t h e  t h r o a t .  
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Motor o p e r a t i o n  a t  an O/F = 2.0 i s  n e a r  peak performance and 
only  r e s u l t s  i n  a 5 t o  10% l o s s  i n  t o t a l  impulse.  A lower O/F 
r a t i o  reduces t h e  o x i d i z e r  f l o w r a t e  and reduces t h e  maximum motor 
diameter  t o  s a t i s f y  minimum G c o n s t r a i n t s .  I n  t h e  p r e s e n t  des ign ,  

t h i s  also l i m i t s  t h e  e x i t  d iameter  and expansion r a t i o .  For tuna te-  
l y ,  t he  minimum r e g r e s s i o n  ra te  of t h e  PMM/PBD f u e l  system i s  so  
low t h a t  t h e  maximum expansion r a t i o  s t i l l  exceeds 100 ( t h e  maxi- 
mum cons idered) .  The re fo re ,  o p e r a t i o n  a t  O/F = 2 . 0  w i l l  n o t  re- 
su l t  i n  any l o s s  i n  I due t o  a reduced expansion r a t i o .  The 

e f f e c t  of a reduced c* a t  552 kN/m2 (80 p s i a )  and a t  s l i g h t l y  f u e l -  
r i c h  (O/F = 2,O) performance w i l l  on ly  reduce I by 3 t o  4 sec 

ove r  the  o r i g i n a l  des ign  cond i t ions  P / F  = 2.4 ,  P = 689 kN/m2 

(100 p s i a ) ] .  Operat ion a t  O/F = 2.0 and Pc  = 552 kN/m2 (80 p s i a )  

will reduce t h e  t o t a l  impulse by approximately 8.1%. 

0 

SP 

SP 

C 

Under normal o p e r a t i o n ,  t h e  ACS motors would opt imize  a t  a 
h i g h e r  O/F than  t h e  sp in /desp in  motors ,  b u t  e f f o r t s  t o  achieve  
commonality and maximum r e l i a b i l i t y  l e d  t o  t h e  s e l e c t i o n  of iden- 
t i c a l  o p e r a t i n g  c o n d i t i o n s  f o r  b o t h  motors .  
t h r o a t  temperature  is  on ly  1173'K (1650OF) f o r  motor o p e r a t i o n  
a t  Q/F = 2.0 and Pc = 552 kN/m2 (80 p s i a )  a If t h e  s p i n / d e s p i n  

motors were not  p r e s e n t  and a 10 t o  15-sec f i r i n g  l i m i t a t i o n  would 
not rwtrict  t h e  o p e r a t i o n  of t h e  ACS motors ,  t h e  ACS motors would 
prabably be des igned  t o  o p e r a t e  c l o s e r  t o  t h e  O/F = 2 . 4 ,  P = 689 

kN/rn2 (100 psia) c o n d i t i o n s  o r i g i n a l l y  s e l e c t e d .  However, i n  de- 
ve loping  the US, mainta in ing  complete b a l l i s t i c  s i m i l a r i t y  be- 
tween fhe  ACS and s p i n l d e s p i n  motors a l lowed d i r e c t  s c a l i n g  and 
eliminated a two-wta r  development program. I n  a d d i t i o n ,  a common 
chamber presmm should s i m p l i f y  o x i d i z e r  f e e d  system and i n s t r u -  
menta t ion  requirements by a l lowing  use  of common components. 
Furthermore, the  small sav ings  i n  maintenance from inc reased  t o t a l  
i m p u l m  probably does nQt j u s t i f y  a 10 t o  15-sec burnt ime l i m i t a -  
ion QR the ACS motors .  Based on t h e s e  c o n s i d e r a t i o n s ,  t h e  222-N 

[!jbJ.b,) ACS motors will a l s o  be designed t o  o p e r a t e  a t  a motor 

O/P s a t b  a f  2 " 0  and a chamber p r e s s u r e  of  552 kN/m2 (80 p s i a )  

The 10-sec maximum 

C 
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2 .  O x i d i z e r  Flow Component O p t i m i z a t i o n  

Although t h r e e  candida te  o x i d i z e r  c o n t r o l  valve concepts  were 
considered i n  Task I ,  t h e  o x i d i z e r  f low components were n o t  eval- 
ua ted  u n t i l  t h e  o x i d i z e r  had been s e l e c t e d .  The chosen GOX and 
LOX systems p r e s e n t  d i f f e r e n t  requirements  f o r  v a l u e ,  l i n e ,  and 
coupl ing s e l e c t i o n .  Therefore ,  these two systems were e v a l u a t e d  
s e p a r a t e l y ,  w i t h  a n  eye toward commonality wherever p o s s i b l e ,  

a .  ACS Motor Oxid izer  Flow Components - I n  a d d i t i o n  t o  t h e  
v a l v e  candida tes  presented  i n  Task I ( s o l e n o i d ,  b a l l ,  and s p o o l  
valves) ,  o t h e r  b a s i c  types  are g a t e ,  r o t a r y ,  and b u t t e r f l y  v a l v e s .  
However, t h e  leakage  a s s o c i a t e d  w i t h  t h e s e  last  three t y p e s  pre- 
cluded t h e i r  c o n s i d e r a t i o n .  The advantages and d isadvantages  of 
t h e  s o l e n o i d ,  b a l l ,  and s p o o l  valves are l i s t e d  i n  Table  VI-2. 
The primary d e s i g n  c o n s i d e r a t i o n s  of  t h e s e  types  of  valves are 
as fol lows f o r  the GOX system: 

Solenoid Valve - The primary seal should b e  made of 
Tef lon ,  KEL-F, o r  s i l i c o n  and t h e r e  should be  a second- 
a r y  metal-to-metal seal  downstream. This i s  cons idered  
optimum t o  avoid  hard  vacuum t o r r )  primary seal  
exposure.  The metal-to-metal  sea l  a l s o  serves t o  p re -  
v e n t  c o n t i n u a l  c o l d  f low o r  compression s e t t i n g  of 
t h e  primary s h a f t  s e a l ,  and p r e v e n t s  impact deforma- 
t i o n  dur ing  t u r n  o f f .  

A normally c l o s e d  s o l e n o i d  valve has  an i n h e r e n t  
mechanical f a i i - - c l o s e d  p o s i t i o n  due t o  s p r i n g  f o r c e  
b i a s .  With a s l i g h t  redes ign  ( a d d i t i o n a l  c o i l ) ,  an 
a d d i t i o n a l  c l o s i n g  f o r c e  could b e  induced i n  ease 
t h e  s p r i n g  f o r c e  w a s  i n s u f f i c i e n t  due t o  poppet s e i z u r e  
o r  s t i c k i n g .  However, t h e  a d d i t i o n a l  value o f  t h e  
second c o i l  could only  b e  cons idered  marginal  i n  a f -  
f e c t i n g  a c l o s u r e .  

With an i n l i n e  poppet ,  i t  i s  d i f f i c u l t  t o  have mechani- 
cal  o r  e l e c t r i c a l  p o s i t i o n  i n d i c a t i o n .  A r i g h t - a n g l e  
poppet n o t  o n l y  enables  e l e c t r i c a l  and mechanical p 
t i o n  i n d i c a t i o n  (with one e x t e r n a l  leakage p a t h ) ,  b u t  
i t  a l s o  provides  mechanical a s s i s t a n c e  f o r  c l a s a n g  the  
v a l v e  by hand, i f  n e c e s s a r y .  

An i n l i n e  valve h a s  a lower p r e s s u r e  drop than  a r i g h t -  
a n g l e  u n i t  and has  a smaller p h y s i c a l  envelope.  D e -  
s i g n s  i n  which p inning  and/or  swaging i s  employed 
should  be  avoided i f  i n f l i g h t  maintenance o r  r e f u r b i s h -  
ment i s  a p p l i c a b l e .  
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Table VI-2 Comparison of Solenoid, Bal l ,  and Spool Valves f o r  the ACS Motors 

VALVE 
Sol enoi d 
Val ve 

Ball 
Valve 

Spool 
Valve 

ADVAN TAG ES 
High  Response (2 t o  20 msec) 
Low Uear 
Zero External Leakage ( t o  cabin) 
Dual Hard & Soft-Seal Integration 
Smallest Physical Size 
Powered Open & Optionally Powered 
Closed, i n  Addition t o  Spring 
Force 
Designed t o  Fail Closed via Spring 
B i  as 
No Lubri c a t i  on Requi red 
Re1 a t i  vely Low Pressure Drop, 
Depending on Activation Power 
Level 
Mechanical &/or Electr ical  Posit ion 
Indication Easily Implemented 
Lowest Pressure Drop 
No Lubricant 
Sel f-Cleaning of Seat Seals 
Capability t o  Fail Closed Achiev- 
ab1 e by Addition of Torque-Return 
S p r i n g  
Mechanical Operation by Hand, i f  
Des i red 
Smoother Flow Termination 
High Response (IO t o  50 msec) 
Low Wear 
Zero External Leakage 
No Lubrication Requi red Other than 
Dry Film Lubrication ( i  . e e  
Mi croseal ) 
Low Power Requi rements 
Position Controllable i f  Staged 
(Possible Application d u r i n g  
Igni t ion)  

DISADVANTAGES 
No Easily Implemented Mechanical 
o r  Electr ical  Position Indicator  
on In l ine  Design 

No Self-cleaning of Poppet Seat 
Seal s 

A b r u p t  Flow Termination due t o  
Poppet Acceleration 

Minimum o f  One External Leak P a t h  

Relatively Slow Response (loo+ 
msec) 
Primary Seal Exposed t o  Hard 
Vacuum 
Greatest Power Requi rement 
Largest Physical Envelope w i t h  
Actuation Mechanism & On/Off 
Valve 

Relatively High Internal Leakage 
Greater S e n s i t i v i t y  t o  Thermal 
Transients 
H i  ghly Sensitive t g  Cnntami natl  an 
No Easily Implemented Mechanical 
o r  Electr ical  Position lndicat isn 
Adversely Affected by Hard DQWM- 
stream Vacuum 
Larger Physical Envelope than 
Solenoid Valve; Also Requires 
On/Off  Valve 
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2) 

P h y s i c a l  envelope dimensions of  an i n l i n e  and a r i g h t -  
a n g l e  s o l e n o i d  valve are approximated 7.6x5.1x5.1 e m  
( 3 x 2 ~ 2  i n . )  and 7.6x7.6x5.1 c m  ( 3 x 3 ~ 2  i n . ) ,  respec-  
t i v e l y .  The weight  can b e  as low as 0.453 kg (1 l b )  
depending on whether t h e  body i s  c o n s t r u c t e d  of 
aluminum o r  steel .  

The c a l c u l a t e d  p r e s s u r e  drop through a 12.7-mm (1/2 
i n  I) ) r i g h t - a n g l e  valve i s  approximately 165 kN/m2 
(24 p s i d )  a t  a system p r e s s u r e  of  689 kN/m2 (100 p s i g ) ,  
an oxygen f l o w r a t e  of  0.05 k g / s e c  (0.1102 l b / s e c ) ,  and 
a temperature  of 278'K (80'F). 

Ball Valve - The b a l l  can be  e i t h e r  f i x e d  o r  f l o a t i n g .  
If f i x e d ,  one s e a l  i s  r e q u i r e d ;  i f  f l o a t i n g ,  two seals 
are used. The s i m p l e s t  and l ea s t  expensive i s  t h e  
f u l l  f l o a t i n g  b a l l .  I n  t h i s  d e s i g n ,  the backup sea l  
i s  t h e  upstream one. This seal  w i l l  n o t ,  by i t s e l f ,  
provide  zero  i n t e r n a l  leakage;  r a t h e r ,  i t  is  a s a f e t y  
f e a t u r e  t h a t  a l lows  a l i m i t e d ,  r e l a t i v e l y  s m a l l  amount 
o f  l eakage  (but  n o t  enough t o  s u s t a i n  combustion) and 
al lows safe  replacement ,  

- 

3)  Spool  Valve - Spool valves are t y p i c a l l y  designed f o r  
hydgaul ic  a p p l i c a t i o n s  on an i n d i v i d u a l  b a s i s .  Thei r  
primary drawback is  t h e  e x c e s s i v e  i n t e r n a l  leakage  
i n h e r e n t  i n  des igning  spool  c l e a r a n c e s  t o  accommodate 
temperature  changes.  The a c t u a t i o n  torque  f o r c e  i s  
lower f o r  t h i s  t y p e  a f  valve t h e n  f o r  the o t h e r  valves 
b@ing considered because of  p r e s s u r e  ba lanc ing  of  t h e  
S P Q O ~  and because i t s  s h u t o f f  b i a s  s p r i n g  has  a low 
p r e l o a d  and low a c t u a t i o n  rare. The response of  a 
sp001  valve i s  e q u i v a l e n t  t o  t h a t  of  a s o l e n o i d  valve. 
The p r e s s u r e  drop i s  g r e a t e r  than  i n  a b a l l  valve, b u t  
less t h a n  o r  e q u a l  t o  t h a t  i n  a s o l e n o i d  valve. 

B a e d  on an e v a l u a t i o n  a f  t h e s e  k i n d s  of  o x i d i z e r  valves 
~ O P  t h e  GOX oyatem, t h e  i n i i n a  s o l e n o i d  valve w a s  chosen f o r  t h e  
ACS m s t o r ~ ,  This valve had t h e  lowest  i n t e r n a l l e x t e r n a l  l e a k a g e ,  
Ehe fagtest rsaponne t i m e ,  t h e  smallest p h y s i c a l  envelope and 
wcfght ,  the  h i g h e s t  r e l i a b i l i t y ,  and was t h e  easiest  t o  r e f u r b i s h .  
The paraneterg of p s s i t i o n  i n d i c a t i o n ,  p r e s s u r e  drop ,  and sea l  
cleaning were t raded  o f f  i n  f a v o r  o f  t h e  advantages l i s t e d  above. 

Hoe quick response,  t h e  o x i d i z e r  c o n t r o l  valve w i l l  have 
t~ b e  c l o s e  coupled wi th  t h e  ACS motors.  The v a l v e  w i l l  b e  mounted 
Qn t h e  forward c l o s u r e ,  downstream of t h e  motor d i s c o n n e c t .  A l -  
though t h e  b a s e l i n e  d e s i g n  f e a t u r e d  a quick  d i s c o n n e c t ,  an upstream 
discannec t  f a i l u r e  would vent GOX i n t o  t h e  Space S t a t i o n  and make 
t h e  GQX l i n e  d i f f l c u l t  t o  reconnect .  
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Since  speed of coupl ing  i s  n o t  impor t an t ,  a double-poppet, 
screw-together  coupl ing  i s  recommended f o r  t h e  ACS motors.  Such 
a coupl ing  p rov ides  an engagement l e n g t h  be fo re  t h e  poppet can 
move. This  engagement s t r o k e  can be  vented t o  p h y s i c a l l y  d e t e r -  
mine whether  excess ive  leakage  is p r e s e n t  -- befo re  the  ha lves  of 
t h e  coupl ing  are f i n a l l y  disengaged -- wi thou t  posing a s a f e t y  
hazard  t o  t h e  o p e r a t o r .  Standard aluminum seamless tub ing ,  1 2 . 7  
mm (0.500 i n . )  O.D. and 11 .3  mm (0 .444 i n . )  I.D., can be used t o  
supply  GOX t o  t h e  motor pad through a s h o r t  l e n g t h  of f l e x i b l e  
s t e e l / b r a i d e d  Teflon hose  connected t o  each motor v ia  a screw 
disconnect  . 

b .  Spin/Despin Motor Oxid izer  Flow Components - The s p i n /  
desp in  motors use  LOX. Being a cryogenic  l i q u i d ,  LOX i n t r o d u c e s  
thermal  shock and water hammer e f f e c t s  n o t  p r e s e n t  i n  t h e  ACS 
motors ,  The o x i d i z e r  f low valves w i l l  b e  mounted on pads up- 
stream o f  t h e  motor d isconnec t .  This  w i l l  au tomat i ca l ly  purge 
t h e  l l n e s  du r ing  motor shutdown. The i n i t i a l  f low w i l l  b e  b o i l -  
i n g  l i q u i d .  Although t h i s  reduces the s e v e r i t y  of t h e  thermal  
shock,  t h e  t r a n s i e n t  f low cond i t ions  pro long  t h e  i g n i t i o n  t r a n s i e n t .  
The du ra t ion  of  n u c l e a t e  b o i l i n g  w i l l  depend p r i m a r i l y  on component 
material and s ize .  To reduce t h e  rate of h e a t  t r a n s f e r  i n  t h e  
v a l v e ,  t h e  unit should  b e  made of a 300-ser ies  s t a i n l e s s  s teel .  
Xn a d d i t i o n ,  t h e  valve should  b e  vacuum-j acke red t o  avoid e x t e r n a l  
i c i u g  and t o  p r o t e c t  t h e  crew from low-temperature burns  which 
could result from a c c i d e n t a l  con tac t .  

Increased  p r e s s u r e  caused by sudden f l o w r a t e  changes can 
be  minimized by lowering f l u i d  v e l o c i t y  o r  l i m i t i n g  c o n t r o l  va lve  
response t a  less than  two t i m e  cons t an t s  of t h e  f l u i d  system. 
Based on a 6-m (20- f t )  l i n e  l e n g t h ,  t h e  t i m e  cons t an t  of t h e  LOX 
system would be  0.0074 sec. I f  a -8 l i n e  s i z e  i s  used [ 1 1 . 3  mm 
(Q1444  in,) I.D,], t h e  peak p r e s s u r e  o s c i l l a t i o n  about  t he  system 
operating p r e s s u r e  i s  t h e o r e t i c a l l y  +2206 kN/m 
t h e  r e q u i r e d  f lowra te  o f  LOX i s  s topped  i n  0.0148 sec o r  less. 
The campression wave does n o t  p r e s e n t  a des ign  stress problem, 
b u t  the r a r e f a c t i o n  wave could  cause  p a r t i a l  f l a s h i n g  ( l iquid- to-  
gas t r a n s f a n n a t i o n )  of t h e  LOX i n  t h e  l i n e s .  A t  this time, no 
definite i n fo rma t ion  was o b t a i n a b l e  t o  de te rmine  the s e v e r i t y  

problem, b u t  i t  would seem good eng inee r ing  p r a c t i c e  t o  
avoid any r a r e f a c t i o n  wave t h a t  would cause  t h e  s t a t i c  p r e s s u r e  
t o  fall.  below t h e  vapor  p r e s s u r e  of t h e  f lowing  f l u i d .  

(+320 p s i a )  when 
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The o p t i o n s  a v a i l a b l e  t o  avoid water hammer are t o  i n c r e a s e  
t h e  l i n e  s i z e  (and thereby reduce t h e  f l u i d  v e l o c i t y )  o r  t o  damp 
t h e  c l o s i n g  a c t i o n  of t h e  valve ( thereby  e s t a b l i s h i n g  a minimum 
c l o s i n g  t ime) .  Assuming t h e  LOX w i l l  b e  s u p p l i e d  a t  a p r e s s u r e  
of 1034 kN/m2 (150 p s i a )  and a t  a temperature  no w a r m e r  than  103°K 
(-275"F),a\ a minimum c l o s i n g  t i m e  of 0.0947 sec would l i m i t  t h e  
p r e s s u r e  o s c i l l a t i o n  t o  +344 kN/m2 (+50 p s i a ) .  This  provides  a 
s a f e t y  f a c t o r  of two a g a i n s t  f l a s h i n g .  

The two candida te  s p i n l d e s p i n  motor o x i d i z e r  valves are 
t h e  so lenoid  valve and t h e  b a l l  valve; t h e  s p o o l  valve w a s  e l i m -  
i n a t e d  due t o  i t s  h igh  i n t e r n a l  leakage  ra te  w i t h  LOX. The slow 
r e l a t i v e  response (100 msec) of t h e  b a l l  valve i s  an advantage 
f o r  t h e  LOX system; however, a s o l e n o i d  valve could e a s i l y  be  de- 
s igned  w i t h  a c l o s i n g  damper t o  l i m i t  t h e  minimum c l o s i n g  t i m e  t o  
0.100 sec. The o t h e r  advantages and d isadvantages  of t h e  s o l e n o i d  
and b a l l  valves as given f o r  t h e  GOX system remain as l i s t e d  f o r  
t h e  LOX system. 

When t h e  a c t u a t o r  mechanism i s  s i z e d  f o r  t h e  LOX b a l l  
valve, an e x t r a  f o r c e  margin must b e  used because of  t h e  i c i n g  
condi t ion  a t  t h e  a c t u a t i n g  rod/va lve  housing i n t e r f a c e ,  This  i m -  
p l i e s  t h a t  t h e  p i s t o n  diameter  becomes l a r g e r  f o r  a pneumatic 
system, o r  t h a t  more power i s  r e q u i r e d  f o r  an e l e c t r i c  a c t u a t o r .  
This a l s o  i m p l i e s  t h a t ,  because o f  t h e  co ld  f low/pre load  e f f e c t  
t h a t  thermal c y c l i n g  has  on Teflon o r  Kel-F, a b a l l  seal  h a s  less 
i n h e r e n t  r e l i a b i l i t y  than  t h e  seal i n  a poppet valve, where a 
cons tan t  pre load  i s  achieved r e g a r d l e s s  of thermal  s h i f t s .  How- 
ever, t h e  r e l i a b i l i t y  i s  asscjciated w i t h  t h e  seal  leakage  r a t e ,  
r a t h e r  than  w i t h  f a i l u r e  of t h e  v a l v e  t o  o p e r a t e .  Therefore ,  t h e  
temperature/ t ime c y c l e - r e l a t e d  leakage i s  what would have t o  be. 
determined t o  ra te  t h e  a c c e p t a b i l i t y  of  t h e  p a r t i c u l a r  b a l l  valve, 

I n  s h o r t ,  n e i t h e r  type of  valve has  a c lear  c u t  advantage 
i n  t h e  LOX system. However, t h e  s o l e n o i d  valve i s  be ing  rscom- 
mended because i t  h a s  i n h e r e n t l y  b e t t e r  s e a l i n g  c h a r a c t e r i s t i c s  ,, 
i s  n o t  s u b j e c t  t o  i c i n g  i n  t h e  a c t u a t o r ,  i s  smaller,  and i s  more 
o f t e n  used i n  LOX systems.  

Vacuum j a c k e t s  are recommended f o r  t h e  LOX f e e d l i n e @ .  
These w i l l  p revent  e x c e s s i v e  b o i l i n g  o f  t h e  LOX and f a c i l i t a t e  
h a n d l i n g  t h e  l i n e s  dur ing  re furb ishment ,  The LOX c o n t r o l  valves 
w i l l  b e  mounted t o  t h e  t h r u s t e r  pad and connected t o  t h e  two s p i n /  
desp in  motors v i a  f l e x i b l e ,  vacuum-jacketed l i n e s .  A vacuum- 
j a c k e t e d  quick  d isconnec t  coupl ing w i l l  mount d i r e c t l y  on t h e  

;tp = 310 k N / m 2  ( 4 5  p s i a ) .  vapor 
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forward c losu re .  This  w i l l  a l low s u f f i c i e n t  thermal  soakback 
dur ing  p o s t f i r e  nozz le  cooldown t o  p reven t  t h e  formation of ice 
i n  t h e  coupl ing dur ing  re furb ishment .  

3 .  Ignition Systems Optimization 

Based on t h e i r  v a s t l y  d i f f e r e n t  o p e r a t i o n a l  requirements ,  
d i f f e r e n t  i g n i t i o n  systems have been s e l e c t e d  f o r  t h e  sp in /desp in  
motors and the ACS motors.  The sp in /desp in  motors w i l l  use  a 
pyrogen i g n i t e r .  This w a s  s e l e c t e d  because of t he  s i z e  of t hese  
motors ,  t h e i r  r e l a t i v e l y  few s ta r t s ,  and t h e i r  u s e  of LOX. A 
sparked butane i g n i t i o n  system has been s e l e c t e d  f o r  t h e  ACS 
motors t o  provide the  l a r g e  number of starts requ i r ed  f o r  a t t i -  
tude c o n t r o l .  Sparked butane  systems have been used s u c c e s s f u l l y  
f o r  y e a r s .  

a. Pyrogen I g n i t i o n  System f o r  Spin/Despin Motors - Hybrid 
i g n i t i o n  i s  fundamental ly  d i f f e r e n t  from i g n i t i o n  i n  a s o l i d  pro- 
p e l l a n t  motor. S ince  s o l i d  p r o p e l l a n t  combustion i s  h igh ly  - 
p r e s s u r e - s e n s i t i v e ,  t h e  i g n i t i o n  de lay  depends on t h e  h e a t  f l u x  
on t h e  p r o p e l l a n t  g r a i n  and the  motor p r e s s u r e  provided by t h e  
i g n i t e r .  I n  a hybr id  motor,  a pyrogen i g n i t e r  s u p p l i e s  w a r m ,  
f u e l - r i c h  gases  t h a t  vapor i ze  and combust w i th  t h e  o x i d i z e r .  The 
r e s u l t i n g  h o t  o x i d i z e r  vapor i zes  t h e  f u e l  and i n i t i a t e s  hybr id  
combustion. A chemical i n t e r a c t i o n  between t h e  o x i d i z e r  and t h e  
f u e l  a l s o  c o n t r i b u t e s  t o  the  i g n i t i o n  p rocess .  T e s t  r e s u l t s  have 
shown t h a t  an average o x i d i z e r  tempera ture  c l o s e  t o  t h e  f u e l  su r -  
f a c e  temperature  1600°K (620°F) f o r  PMM/PBD] i s  adequate f o r  i g -  
n i t i o n .  

S ince  hybr id  combustion i s  i n s e n s i t i v e  t o  p r e s s u r e ,  t h e  
des ign  of t he  i g n i t e r  i s  more f l e x i b l e  i n  a hybr id  p ropu l s ion  sys- 
t e m  than  i n  a s o l i d  p r o p e l l a n t  motor. Also,  t h e  i g n i t e r  on ly  sup- 
p l i e s  about  5% of  t h e  t o t a l  f low. Therefore ,  t h e  i g n i t e r  can 
cont inue  burning a f t e r  f u l l  p r e s s u r e  has  been achieved,  s i n c e  t h i s  
w i l l  n o t  cause o v e r p r e s s u r i z a t i o n  of t h e  motor. 

F igure  V I - 2  shows the  o x i d i z e r  flame temperature  vs the  
r a t i o  of t h e  weight  of i g n i t e r  f low t o  the  rate of l i q u i d  o x i d i z e r  
f low f o r  IRFNA and LOX. Based on t h e s e  curves ,  a 5% i g n i t e r  f low 
would h e a t  t h e  LOX t o  800°K (980"F), which should be more than 
s u f f i c i e n t  f o r  i g n i t i o n ,  based on test exper ience .  A 5% f l o w r a t e  
w i l l  p rovide  an i g n i t e r  w i th  a 3-sec d u r a t i o n .  This  is  more than  
an o r d e r  of  magnitude longe r  than  t h e  r equ i r ed  i g n i t i o n  t i m e .  
Although t h e  i g n i t e r ' s  burnt ime could be  s u b s t a n t i a l l y  reduced, 
d u r a t i o n s  of 1 t o  2 sec are b e n e f i c i a l  w i th  l i q u i d  o x i d i z e r s  t o  
he lp  vapor i ze  t h e  o x i d i z e r  and promote smooth i g n i t i o n ,  This  is  
more important  a t  a h igh  i n i t i a l  Go' where t h e  p o s s i b i l i t y  of 
f l ood ing  i s  h ighe r ,  
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A pyrogen i g n i t e r  supplying 5% of t h e  o x i d i z e r  f l o w r a t e  
f o r  2 s e c  w i l l  p rovide  a smooth, r e l i a b l e  i g n i t i o n  f o r  t h e  s p i n /  
desp in  motors.  For a s p i n / d e s p i n  motor us ing  LOX/(PMM/PBD) wi th  
a t h r u s t  of 1112 N (250 l b )  and an O/F r a t i o  of 2 .0 ,  t h e  r e q u i r e d  
i g n i t e r  f l o w r a t e  w i l l  b e  about 0.115 k g / s e c  (0,026 l b  /set). The 

t o t a l  weight  of t h e  i g n i t e r  p r o p e l l a n t  w i l l  b e  about 0 .23 kg  

(1 i n . 3 ) .  

m 

, which corresponds t o  a volume of  about 0.000016 m3 

b .  Sparked Propane I g n i t i o n  System f o r  ACS Motor - Several 
v e r s i o n s  of  t h e  sparked propane system have been used success-  
f u l l y  f o r  y e a r s .  The system i s  s a f e ,  r e l i a b l e ,  and s imple t o  
o p e r a t e .  A measured p u l s e  of a l i g h t  hydrocarbon (butane,  pro- 
pane, e t c )  i s  i n j e c t e d  i n t o  a precombustor and mixed w i t h  GOX. 
The mixture  i s  i g n i t e d  w i t h  a s p a r k  and i s  then  i n j e c t e d  i n t o  t h e  
motor.  The h o t ,  o x i d i z e r - r i c h  gases  h e a t  t h e  f u e l  and i n i t i a t e  
h y b r i d  combustion. Successfu l  o p e r a t i o n  r e q u i r e s  a dependable 
s p a r k  source  and a re l iab le  i n j e c t i o n  system. 

The i g n i t i o n  f u e l  depends on motor o p e r a t i n g  c o n d i t i o n s .  
The i g n i t i o n  f u e l ,  which w i l l  b e  s t o r e d  i n  a r e p l a c e a b l e  c a n i s t e r  
on t h e  forward c l o s u r e  ( i n s i d e  t h e  cabin)  should  vapor ize  r e a d i l y  
a t  t h e  i g n i t i o n  temperature  t o  ensure  thorough mixing w i t h  t h e  
GOX. However, t h e  vapor p r e s s u r e  a t  normal cabin  temperatures  
should n o t  p r e s e n t  a s t o r a g e  problem. 
p r e s s u r e  of two candida te  i g n i t i o n  f u e l s  , propane and butane  , as 
a f u n c t i o n  of temperature .  Propane, which has  a vapor p r e s s u r e  
above 202.7 kN/m2 (29.4 p s i a )  a t  temperatures  down t o  248'K (-13"F), 
and a vapor p r e s s u r e  below 2027 kN/m2 (294 p s i a )  up t o  a tempera- 
t u r e  of 330°K (134"F), i s  much more i g n i t a b l e  a t  low temperatures  
than  butane and p r e s e n t s  no s t o r a g e  problems a t  cabin temperatures .  

motors.  

F igure  V I - 3  shows t h e  vapor 

' Therefore ,  propane w a s  s e l e c t e d  as t h e  i g n i t i o n  f u e l  f o r  t h e  ACS 

The f l u i d i c  sparked-propane i g n i t i o n  system i s  based on a 
f l u i d i c  propane i n j e c t i o n  system r e c e n t l y  designed f o r  U T C ' s  GOX/ 
PMM hybr id  c u t t i n g  t o r c h .  The system schematic  i s  shown i n  F ig .  
V I - 4  
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Opening t h e  o x i d i z e r  c o n t r o l  v a l v e  a l lows  GOX t o  f low 

This  g e n e r a t e s  a s i g n a l  a t  
b o t h  i n t o  t h e  precombustor and through an o r i f i c e  t o  the supply 
p o r t  on an  OR/NOR f l u i d i c  module. 
o u t l e t  p o r t s  5 and 6 .  The low-pressure s i g n a l  a t  p o r t  6 opens 
a diaphragm a m p l i f i e r .  This  a l lows  the h i g h e r  p r e s s u r e  GOX t o  
open a s i n g l e  2-way (NC) p i l o t  a c t u a t i o n  valve and a l lows  propane 
t o  f low i n t o  t h e  precombustor,  where t h e  propane/GOX mixture  i s  
i g n i t e d  w i t h  a s p a r k .  The s i g n a l  a t  p o r t  5 p a s s e s  through a 
second c o n t r o l  o r i f i c e  and i n t o  a r e s e r v o i r  t h a t  a c t s  as a t i m e  
de l ay .  A s  soon as t h i s  r e s e r v o i r  has  become s u f f i c i e n t l y  p re s -  
s u r i z e d ,  a s i g n a l  i s  gene ra t ed  a t  i n l e t  p o r t  2 .  This s i g n a l  
swi t ches  t h e  flow t o  o u t l e t  p o r t  7 ,  where i t  passes  through a 
f low- l imi t ing  o r i f i c e  and is  dumped a f t e r  pas s ing  through p o r t  3 .  
The o x i d i z e r  b l e e d  r e q u i r e d  t o  e n e r g i z e  t h e  f l u i d i c  l o g i c  r ep re -  
s e n t s  about 0.1% of t h e  main o x i d i z e r  flow. When t h e  f l u i d i c  
ou tpu t  s h i f t s  t o  p o r t  7 ,  t h e  diaphragm a m p l i f i e r  c l o s e s .  This  
c l o s e s  t h e  p i l o t  a c t u a t i o n  v a l v e  and s h u t s  o f f  t h e  propane. 

The propane s p a r k - i n i t i a t e d  i g n i t i o n  system has  been used 
s u c c e s s f u l l y  f o r  y e a r s  on a number of s m a l l  h y b r i d  motors.  Typi- 
c a l l y ,  t h e s e  i g n i t i o n  systems o p e r a t e  a t  a mixture  r a t i o  of about 
f o u r .  Propane p u l s e s  of 0.050 t o  0.100 s e c  can be  used wi th  a 
p r o p e r l y  timed s p a r k .  The re fo re ,  a 222-kg motor w i t h  a 

GOX f l o w r a t e  of about 0.045 kg / sec  

0.0006 t o  0.0012 kg 

One hundred restarts would r e q u i r e  about 

r e q u i r e  

0.0013 t o  0.0026 l b m  

m 
propane, cor responding  t o  a volume of about 0.00009 m3 (9.5 i n . 3 ) .  

( 
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C. ATTITUDE CONTROL MOTOR DESIGN 

1. Design Objective 

VI - 2 1  

Although t h e  ACS motors supply  less than  20% of t h e  t o t a l  
impulse f o r  t h e  U S ,  they  were t h e  p r i m e  focus  of t h e  p r e s e n t  
s tudy .  These 16  motors must s a f e l y  and r e l i a b l y  meet a l l  ACS 
requi rements  f o r  t h e  10-year l i f e  of t h e  Space S t a t i o n  and s t i l l  
have minimum maintenance, r e p a i r ,  and r e supp ly  requi rements .  
The long  miss ion  t i m e  and h igh  u t i l i z a t i o n  ra te  of t h e  ACS motors 
r e q u i r e d  innova t ive  approaches t o  motor des ign  and t o  maintenance, 
r e p a i r ,  and resupply  procedures  i n  o r d e r  t o  produce minimum i m -  
p a c t  on t h e  o p e r a t i o n  of t h e  Space S t a t i o n .  Although t h e s e  re- 
quirements w e r e  a l s o  ve ry  impor tan t  f o r  t h e  s p i n / d e s p i n  motors,  
they w e r e  less c r i t i c a l  due t o  t h e  r e l a t i v e l y  s h o r t  r e q u i r e d  
l i f e  (18 months) and r e l a t i v e l y  f e w  number of f i r i n g s  r e q u i r e d  
f o r  t h e  s p i n / d e s p i n  system. 

2 .  Attitude Control Motor Description 

The ACS motors m e e t  a l l  ACS performance and m a i n t a i n a b i l i t y  
requi rements  w h i l e  maximizing s a f e t y  and r e l i a b i l i t y .  They de- 
l i v e r  an average  t h r u s t  of 225 N 50.5 l b  a t  an  average  s p e c i f i c  

impulse of 323 sec f o r  a d u r a t i o n  of 386 s e c  b e f o r e  f u e  r ep len i sh -  
ment is r e q u i r e d .  T h e i r  t o t a l  impulse i s  86,630 N-sec 19,480 
l b f - s e c ) .  The ACS motor p r o p e l l a n t s  -- GOX and a rubber-based 

f u e l  g r a i n  composed of 20% PMM and 80% PBD -- were s e l e c t e d  be- 
cause  of t h e i r  complete s a f e t y  and h i g h  performance. S i m i l a r l y ,  
t h e  low average  chamber p r e s s u r e  of 558 k.N/m2 (81  p s i a )  promotes 
s a f e  o p e r a t i o n .  

( f 

1 

The a t t i t u d e  c o n t r o l  motor TCA (F ig ,  VI-5 and Table  VI-3) w a s  
des igned  f o r  s a f e t y ,  minimum maintenance, and s i m p l i f i e d  r e p a i r  
and r e supp ly  procedures .  
one man i n  e i ther  a w e i g h t l e s s  o r  0.7-g cond i t ion .  It  has an 
o v e r a l l  l e n g t h  of 939.8 mm (37 .0  i n . )  and a motor case  O.D.  of 
164.64 mm (6.50 i n . ) .  The TCA has a loaded mass of 20.6 kg 
( 4 5 . 3  lbm) and an  empty mass of 10 .1  kg (22.2 l b  ). The s i n g l e -  

p i e c e  c a s e  and nozz le  assembly is  cons t ruc t ed  of molybdenum 
d i s i l i c i d e - c o a t e d  molybdenum and i s  designed t o  o p e r a t e  wi thout  
replacement f o r  t h e  10-yr l i f e  of t h e  Space S t a t i o n .  
PBD f u e l  g r a i n  i s  c a s t  i n t o  a t r i p w i r e - l i n e d  pheno l i c  c a r t r i d g e -  
The t r i p  w i r e s  p rovide  a f a i l - s a f e  i n d i c a t i o n  of f u e l  d e p l e t i o n  

The TCA can be conven ien t ly  handled by 

m 

The PMM/ 

.,.and i n i t i a t e  motor shutdown a f t e r  t h e  f u e l  has  been consumed. 
“.n 
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Table VI-3 Conceptual Atti tude Control Motor TCA 

Propel 1 ants 
Average O/F Ratio 
Average Chamber Pressure 
kN/m2 (ps ia )  
Nozzle Expans ion Ratio 
Average Speci f i  c Impulse (sec)  
Average Thrust, N ( l b f )  

Total Impulse N-sec (1 bf -sec) 

Durati an (sec) 

Motor Res i gn 
I gni  tl on 

Oxi d l  zer F9 ow Control 

Forwarid Closure 

Mator Case & Nozzle 
Grain Design 

Graln Diameter, mm ( i n , )  
Grain Length, mm (In,) 
Throat Riametar, rnm ( i n . )  
Overall Length,  mm ( i n . )  

Motor Refurbi shment 

PERFORMANCE SUMMARY 
GOX/ (20% PMM/80% PBD) 
1.815 

558 (81) 
100 
323 
225 (50.5) 

-- 

86,630 (19,480) 

386 
DESIGN SUMMARY 

F1 u i d i  c-Control led Sparked-Propane Ignition 
Sys tem 
In l ine  Solenoid Valve w i t h  Double-Poppet 
Screw Line Disconnect 
304 Sta in less  Steel Forward Closure Attached 
t o  the Motor Case w i t h  E i g h t  Shear Pins 
Rad1 a t i  on-Cooled, MoSi 2-Coated Molybdenum 
Mono1 i t h i  c , Si ngl e-Port Fuel Grai n Cast i n t o  
a Phenolic Cartridge.  
the Cartr i  dge Si  gnal Fuel Depletion 
160 (6.30) 
564 (22,2) 
16,6 (0.653) 
940 (37.0) 
Movable Tube Approach 

T r i p  Wires Embedded i n  
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The motor case a t t a c h e s  t o  t h e  forward clos/ure assembly a t  a 
shea r  p i n  f l a n g e  t h a t  is l o c a t e d  o u t s i d e  t h e  Space S t a t i o n  when 
t h e  motor i s  i n  t h e  o p e r a t i n g  p o s i t i o n .  This  unique des ign  ap- 
proach e l i m i n a t e s  the  only  p o s s i b l e  ho t  gas pa th  from t h e  motor 
i n t o  the  Space S t a t i o n :  i f  t h e  motor case  seal  f a i l s  du r ing  a 
motor f i r i n g ,  t h e  chamber gases  w i l l  v e n t  t o  space. Another de- 
s i g n  f e a t u r e  is  t h a t  t h e  304 s t a i n l e s s  s teel  forward c l o s u r e  
assembly se rves  as t h e  housing f o r  t h e  Space S t a t i o n ' s  redundant  
O-ring p r e s s u r e  seal ,  p r o t e c t s  t h e  o x i d i z e r  c o n t r o l  system, and 
a l s o  provides  t h e  s t r u c t u r a l  a t t a c h  p o i n t s  f o r  a l l  motor r e f u r b i s h -  
ment ope ra t ions .  

A s  shown i n  Fig.  V I - 6 ,  t h e  o x i d i z e r  c o n t r o l  system r e g u l a t e s  
t h e  flow of GOX and c o n t r o l s  t h e  i g n i t i o n  sequence. The GOX l i n e  
a t t a c h e s  t o  t h e  TCA v i a  a double-poppet screw disconnect .  An 
i n l i n e  so lenoid  va lve  downstream of t h e  d i sconnec t  c o n t r o l s  t h e  
flow of GOX t o  t h e  motor. Gaseous propane is  mixed wi th  GOX i n  
a precombustor and sparked dur ing  t h e  i g n i t i o n  sequence. The 
propane l i n e  a t t a c h e s  t o  t h e  TCA v i a  a quick  d isconnec t .  The 
flow of propane i s  c o n t r o l l e d  by a f l u i d i c  c i r c u i t  t h a t  i n j ec t s  
a mesoured amount of propane i n t o  t h e  precombustor whenever the. 
o x i d i z e r  c o n t r o l  va lve  is  opened. A s imple  s o l i d - s t a t e  c i r c u i t  
sparks  t h e  GOX/propane mixture  0.075 sec a f t e r  t h e  o x i d i z e r  csm- 
t r o l  va lve  i s  commanded open. The ho t  GOX/propane combustion 
products  e n t e r  t h e  combustion chamber through a low-veloci ty  
i n j e c t o r  and i n i t i a t e  t h e  hybr id  combustion p rocess .  

3. ACS Motor Component D e s c r i p t i o n  

A l l  ACS motor component des igns  are based on demonstrated 
technology and can s a t i s f y  t h e  1975 technology requirement .  
Wherever p o s s i b l e ,  q u a l i f i e d  of f - the-she l f  components have been 
s e l e c t e d  t o  reduce t h e  complexity and expense of a hybrid ACS 
development program. A l l  components were s e l e c t e d  on t h e  bas i s  
of a b s o l u t e  s a f e t y ,  h igh  r e l i a b i l i t y ,  and minimum maintenance, % 

a. Motor Case and Nozzle Assembly - The s ing le -p iece ,  radfa-  
t ion-cooled motor case  and nozz le  assembly i s  cons t ruc t ed  gf 
molybdenum and coated wi th  molybdenum d i s i l i c i d e  t o  resist oxida- 
t i o n  a t  h igh  tempera ture .  The contour  of t h e  a f t  c l o s u r e ,  t he  
f u e l  g r a i n ,  and t h e  o p e r a t i n g  cond i t ions  f o r  t he  motor have been 
s e l e c t e d  t o  hold t h e  s t e a d y - s t a t e  t h r o a t  tempera ture  below 1922'E: 
(3000°F) by provid ing  a coo l ,  f u e l - r i c h  boundary l a y e r  and by 
maximizing t h e  amount of hea t  r a d i a t e d  t o  space  from t h e  noz& 
and a f t  c l o s u r e ,  The nozz le  i s  purposely t h i c k  i n  t h e  t h r o a t  
r eg ion  t o  conduct hea t  away from t h e  t h r o a t  i n t o  t h e  expansion 
cone, thereby  i n c r e a s i n g  r a d i a t i o n .  Tests have shown t h a t  a 
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GOX Double-Poppet 
Screw Disconnect 

Oxidizer Control Valve 

Qui  ck-Di sconnect 

Spa rk  Source 
P re combus tor 

Chamber Pressure 
Indicator 

F i g .  VI-6 ACS Motor Schematic 
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MoSi2-protected molybdenum t h r o a t  can o p e r a t e  a lmost  i n d e f i n i t e l y  
wi thout  damage t o  t h e  coa t ing  as long as t h e  s u r f a c e  tempera ture  
is he ld  below 1922'K (3000'F). Furthermore,  t h e  h e a t  c a p a c i t y  of 
t h e  nozz le  ho lds  t h e  maximum t h r o a t  tempera ture  dur ing  a nominal 
10-sec f i r i n g  t o  under 1478'K (2200'F); f o r  s h o r t e r  f i r i n g s ,  t h e  
maximum tempera ture  is  much lower.  

The nozz le  and a f t  c l o s u r e  are contoured t o  ach ieve  de- 
s i r e d  motor performance and b a l l i s t i c  c h a r a c t e r i s t i c s .  The nozz le  
has  a t h r o a t  d iameter  of 16.6 mm (0.653 i n . )  t o  o b t a i n  t h e  d e s i r e d  
average  chamber p r e s s u r e  of 558 kN/m2 (81 p s i a ) .  
low minimum r e g r e s s i o n  rate of PMM/PBD, t h e  nozz le  expansion r a t i o  
can exceed 100 b e f o r e  t h e  e x i t  d iameter  exceeds t h e  maximum motor 
d iameter  and p r e s e n t s  handl ing  problems. However, a maximum ex- 
pans ion  r a t i o  of 100 w a s  s e l e c t e d  i n  v i e w  of t h e  s m a l l  performance 
g a i n s  f o r  l a r g e r  expansion r a t i o s .  
s e l e c t e d  t o  reduce nozz le  l e n g t h ,  nozz le  weight ,  and nozz le  hea t  
t r a n s f e r .  The extended a f t  c l o s u r e  contour  w a s  chosen t o  s a t i s f y  
t h e  d e s i r e d  motor b a l l i s t i c  c h a r a c t e r i s t i c s  and maximize r a d i a t i o n  

, t h e  s l o p e  of t h e  f u e l  r eg res -  A t  low va lues  of o x i d i z e r  f l u x  

Because of t h e  

A be l l -contoured  nozz le  w a s  

(Go ) 
s i o n  rate dec reases ,  causing t h e  motor t o  o p e r a t e  f u e l - r i c h .  
contoured a f t  c l o s u r e  reduces t h e  e f f e c t i v e  g r a i n  l e n g t h  and he lps  
main ta in  t h e  proper  O/F r a t i o .  

The 

b .  Fue l  Grain Assembly - The f u e l  g r a i n  is  designed f o r  rela- 
t i v e l y  long burnt imes t o  minimize r equ i r ed  maintenance. The PMM/ 
PBD f u e l  system s e l e c t e d  f o r  t h e  ACS motors has  a ve ry  low c r i t i ca l  
r e g r e s s i o n  rate. Therefore ,  a r e l a t i v e l y  l a r g e  f u e l  g r a i n  diam- 

eter can be used. This  r e s u l t s  i n  a s m a l l  G (maxIL D2 ) a t  

burnout  wi thout  c h a r r i n g  o r  me l t ing  t h e  f u e l .  N a t u r a l l y ,  i nc reas -  
i ng  t h e  a l lowable  f u e l  g r a i n  diameter  i n c r e a s e s  t h e  f u e l  web, 
which i n c r e a s e s  t h e  motor burnt ime and reduces  t h e  f u e l  g r a i n  
replacement rate.  The s ing le -por t  f u e l  g r a i n  p rov ides  t h e  l o n g e s t  
motor burntime f o r  a g iven  t h r u s t ,  wh i l e  main ta in ing  a g r a i n  
l e n g t h  c o n s i s t e n t  w i th  good handl ing  c h a r a c t e r i s t i c s .  

0 4 p o r t  

The l o n g e s t  motor burntime does not  n e c e s s a r i l y  provide  
t h e  lowes t  maintenance, r e p a i r ,  and r e supp ly  requi rements .  For 
a s h o r t  burnt ime,  motor re furb ishment  w i l l  be r equ i r ed  t o  re- 
p l e n i s h  t h e  f u e l  long  be fo re  o t h e r  components need i n s p e c t i o n  o r  
replacement .  Conversely,  e x c e p t i o n a l l y  long burnt imes w i l l  in -  
crease unscheduled maintenance t o  r e p l a c e  components t h a t  f a i l  
b e f o r e  f u e l  d e p l e t i o n  occur s .  Furthermore,  e x c e p t i o n a l l y  h igh  
to ta l - impulse  ACS f u e l  g r a i n s  would i n c r e a s e  system weight  and 
i n c r e a s e  resupply  requi rements .  The s e l e c t e d  g r a i n  des ign  
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d e l i v e r s  86,630 N-sec (19,480 l b f - sec  of t o t a l  impulse.  Based i 
on t h e  c u r r e n t  10-yr ACS t o t a l  impulse requi rements  (not  i nc lud ing  
sp in /desp in )  of 7 110,500 N-sec (1 598,890 l b f  -sec) t h e  1 6  ACS 

motors w i l l  need f u e l  replenishment  every 2,16 y r ,  assuming a 50% 
f u e l  reserve a t  t h e  end of 1 0  y r .  This  re furb ishment  i n t e r v a l  
provides  h igh  r e l i a b i l i t y  a long  wi th  minimum o v e r a l l  maintenance 
(scheduled and unscheduled) ,  r e p a i r ,  and resupply .  

The ACS motor f u e l  g r a i n s  have been designed t o  provide  
f i l m  coo l ing  f o r  t h e  nozz le  w h i l e  achiev ing  h igh  d e l i v e r e d  per- 
formance. The ACS motors  u s e  f i l m  coo l ing  and a low chamber 
p r e s s u r e  t o  reduce t h e  convec t ive  h e a t  f l u x  t o  t h e  r a d i a t i v e l y  
cooled motor case  and nozz le  assembly. Hybrid combustion is  
p r i m a r i l y  a turbulent-boundary-layer, convec t ive  h e a t  t r a n s f e r  
phenomenon. I n  a hybr id  motor, a t  t h e  a f t  end of t h e  f u e l  g r a i n  
t h e r e  is a t h i c k ,  f u e l - r i c h  boundary l a y e r .  The g radua l  d i f f u s e r  
s e c t i o n  a t  t h e  a f t  end of t h e  ACS f u e l  g r a i n  a l lows  t h e  boundary 
l a y e r  t o  a t t a c h  t o  t h e  a f t  c l o s u r e  wi thout  breaking  up. 
r e l a t i v e l y  cool  boundary lay'er s i g n i f i c a n t l y  reduces  t h e  convec- 
t i v e  h e a t  t r a n s f e r  t o  t h e  nozz le  wh i l e  imposing only  a 2 t o  4% 
performance pena l ty .  

This  

The contour  of t h e  f u e l  g r a i n  a t  t h e  a f t  c l o s u r e  al lows 
t h e  g r a i n  l e n g t h  t o  dec rease  du r ing  motor o p e r a t i o n  t o  main ta in  
t h e  d e s i r e d  O/F r a t i o .  The r e g r e s s i o n  rate of PMM/PBD t ends  t o  
f l a t t e n  ou t  a t  low v a l u e s  of o x i d i z e r  mass f l u x .  Therefore ,  f o r  
a cons t an t  g r a i n  l e n g t h ,  f u e l  f low would i n c r e a s e  as t h e  motor 
burns,  caus ing  t h e  motor t o  o p e r a t e  excess ive ly  f u e l - r i c h  and 
degrading performance. By contour ing  t h e  a f t  end of t h e  f u e l  
g r a i n ,  t h e  g r a i n  l e n g t h  can dec rease  w i t h  web burnback t o  main- 
t a i n  t h e  d e s i r e d  motor O/F r a t i o .  An O/F r a t i o  of 2.0, which 
i s  s l i g h t l y  f u e l - r i c h ,  w a s  s e l e c t e d  f o r  t h e  ACS motor t o  improve 
nozz le  coo l ing  c h a r a c t e r i s t i c s .  
dur ing  f i r i n g ,  t h e  d i s t a n c e  from t h e  end of t h e  f u e l  g r a i n  t o  
t h e  nozz le  t h r o a t  i n c r e a s e s ,  To ensu re  adequate  f i l m  coo l ing  
f o r  t h e  t h r o a t ,  t h e  f u e l  g r a i n  des ign  al lows t h e  motor O/F r a t i o  
t o  dec rease  t o  about  1 .7  a t  web burnout .  This  r educes  t h e  average  
s p e c i f i c  impulse by about  7 sec, t o  323 sec. 

A s  t h e  g r a i n  l e n g t h  dec reases  

The f u e l  g r a i n  is cast i n  a t r i p  wire- l ined  pheno l i c  
c a r t r i d g e .  The pheno l i c  c a r t r i d g e  suppor t s  t h e  f u e l  g r a i n  (es- 
p e c i a l l y  near web burnou t ) ,  p r o t e c t s  t h e  g r a i n  from damage dur- 
ing  s t o r a g e ,  and f a c i l i t a t e s  t h e  removal of d e p l e t e d  f u e l  g r a i n s ,  
The pheno l i c  c a r t r i d g e  is  l i n e d  wi th  h e l i c a l l y  wound t r i p  w i r e s  
be fo re  t h e  f u e l  is  cast ,  These t r i p  w i r e s  p rovide  a f a i l - s a f e  
i n d i c a t i o n  of f u e l  d e p l e t i o n  v i a  a c o n t i n u i t y  check and a l s o  
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s i g n a l  motor shutdown. Fuel  d e p l e t i o n  w i l l  occur  over  a per iod  
of s e v e r a l  seconds,  due t o  s m a l l  nonun i fo rmi t i e s  i n  t h e  r e g r e s s i o n  
rate. Although r a p i d  shutdown is  no t  e s s e n t i a l  t o  p r o t e c t  t h e  
motor ,  cont inued o p e r a t i o n  w i t h  a dep le t ed  f u e l  g r a i n  d r a m a t i c a l l y  
reduces  performance and could l e a d  t o  ove rhea t ing  of t h e  t h r o a t .  
S ince  hybr id  f u e l  r e g r e s s i o n  r e q u i r e s  convec t ive  h e a t  t r a n s f e r ,  
f u e l  forward of t h e  i n j e c t o r  normally does n o t  burn.  However, 
t o  ensure  a b s o l u t e  s a f e t y ,  t h e  l i n e d  pheno l i c  c a r t r i d g e  covers  
t h e  e n t i r e  forward c l o s u r e .  

c, Forward Closure Assembly - The s ing le -p iece  forward c l o s u r e  
assembly is  cons t ruc t ed  of 304 s t a i n l e s s  steel  t o  s i m p l i f y  f a b r i -  
c a r i o n  and reduce  weight ,  and i s  designed f o r  maximum s a f e t y  and 
h i h  r e l i a b i l i t y .  The forward c l o s u r e  assembly i s  a t t a c h e d  t o  t h e  
motor case by e i g h t  equa l ly  spaced shea r  p i n s .  These shea r  p i n s  
provide  a n e a r l y  f a i l u r e - f r e e  at tachment  des ign  t h a t  has proven 
i ts  r e l i a b l l i t y  i n  UTC's 120411. motor program. 
ho lds  t h e  p i n s  i n  p l a c e .  The only  h o t  gas  seal i s  i n  a motor c a s e  
f l a n g e  t h a t  is  o u t s i d e  t h e  Space S t a t i o n  when t h e  motor i s  i n  t h e  
o p e r a t i n g  p o s i t i o n .  Therefore ,  f a i l u r e  of t h i s  seal  w i l l  v e n t  
combustion gas  t o  space ,  no t  i n t o  t h e  Space  S t a t i o n .  The forward 
e l s s u r e  has redundant  seals t o  prevent  cab in  a i r  from l e a k i n g  t o  
space.  The face  seal on t h e  forward c l o s u r e  f l a n g e  is  a t h i n -  
wal led  rubber  t u b e s  f i l l e d  wi th  a h y d r a u l i c  f l u i d  and connected 
t o  a Bell  and Hawell Type 4-312 p r e s s u r e  t r ansduce r .  A normal 
cabis  p r e s s u r e  sf 101.3 kN/rn2 (14 .7  p s i a )  produces a load  of 
2389 N 534 l b f )  on the motor;  du r ing  o p e r a t i o n ,  motor t h r u s t  

reduces  t h i s  load  t o  2165 N 483 l b  . The type  4-312 p r e s s u r e  

t r ansduce r  can be c a l i b r a t e d  t o  measure t h r u s t  w i t h i n  &4%. This  
in a c c u r a t e  enough f o r  t h e  mal func t ion  d e t e c t i o n  system. The 
forward c l o s u r e  s k i r t  p r o t e c t s  t h e  o x i d i z e r  c o n t r o l  system and 
p m v i d e s  t h e  s t r u c t u r a l  a t t a c h  p o i n t s  f o r  motor re furb ishment .  
The motor re furb ishment  con ta ine r  a t t a c h  f l a n g e  i s  connected t o  
the forward c lmure  s k i r t  by fou r  shea r  p i n s  t h a t  are i d e n t i c a l  
t o  the eight p i n s  used f o r  t h e  motor case/forward c l o s u r e  a t t a c h -  
~ m t ,  The Q z i d i a e r  c o n t r o l  assembly is  mounted on t h e  o x i d i z e r  
i n j e c t o r ,  which is brazed t o  t h e  forward c l o s u r e .  

A metal  s t r a p  

( 
i f )  

d .  Contro l  A m  - The o x i d i z e r  c o n t r o l  assembly 
( F i g ,  VT-7) $E designed f o r  minimum maintenance and maximum re- 
l i a b $ l i t y s  Gaseous oxygen is supp l i ed  t o  t h e  ACS t h r u s t  chamber 
assembly a t  1033,5 kN/m2 (150 p s i a )  v i a  a b ra ided  Tef lon  f l e x l i n e .  
The f l e x l i n e  i s  connected t o  t h e  motor w i th  a Symetr ics  58565-1 
dguble-poppet Screw disconnect;  f o r  maximum s a f e t y .  During re- 
furb ishment ,  t h e  screw d i sconnec t  a l lows  t h e  o p e r a t o r  t o  d e t e c t  
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an upstream poppet f a i l u r e  be fo re  he  d isengages  t h e  las t  few 
th reads  [ a  s imple quick-disconnect  would be d i f f i c u l t  t o  recon- 
nect wi th  a jammed upstream poppet,  and would a l low GOX a t  1034 
kN/m2 (150 p s i a )  t o  ven t  i n t o  t h e  Space  S t a t i o n ] .  The o x i d i z e r  
c o n t r o l  v a l v e  (Wright Components 15027) is  immediately downstream 
of t h e  screw d isconnec t .  This  i n l i n e  so l eno id  valve w a s  s e l e c t e d  
f o r  i t s  f a s t  response ,  h igh  r e l i a b i l i t y ,  and near-zero leakage.  
The 28-vdc s i g n a l  t h a t  commands t h e  o x i d i z e r  c o n t r o l  va lve  open 
a l s o  a c t i v a t e s  t h e  f l u i d i c  propane i n j e c t i o n  system and t h e  spa rk  
i g n i t i o n  system. A l l  t h e  components s e l e c t e d  w e r e  s u c c e s s f u l l y  
demonstrated on U T C ' s  hybrid c u t t i n g  t o r c h .  

A f t e r  t h e  o x i d i z e r  c o n t r o l  v a l v e  opens,  GOX flows through 
a meter ing  o r i f i c e  and then  through a Norgren 4NR-201-000 OR/NOR 
f l u i d i c  module. The r e l a t i v e l y  low-pressure s i g n a l  from t h e  OR/ 
NOR module opens a 5DA-011-DOA diaphragm a m p l i f i e r  t h a t  a l lows  
h igh-pressure  GOX t o  flow t o  a 2C5NC p i l o t  a c t u a t i o n  va lve .  Gas- 
eous propane e n t e r i n g  t h e  o x i d i z e r  c o n t r o l  assembly v ia  a Symetric 
4000 quick-disconnect  f lows through t h e  p i l o t  a c t u a t i o n  valve and 
i n t o  the  precombustor. A f l u i d i c  propane i n j e c t i o n  system w a s  
s e l e c t e d  f o r  i t s  s i m p l i c i t y  and i n h e r e n t  h igh  r e l i a b i l i t y .  GOX 
from t h e  c o n t r o l  valve passes  through a meter ing  o r i f i c e  and enters 
t h e  precombustor,  where t h e  propane and GOX are mixed t o  create 
a combust ible  mixture .  

The same 28-vdc s i g n a l  t h a t  opens t h e  o x i d i z e r  c o n t r o l  
valve a l s o  ene rg izes  t h e  spa rk  i g n i t i o n  c i r c u i t .  The start com- 
mand is rece ived  by t h e  spa rk  gene ra to r  via two feedthrough ca- 
p a c i t o r s  and a d iode  (CR1). The c a p a c i t o r s  minimize t h e  i n f l u e n c e  
of e x t e r n a l l y  genera ted  e lec t romagnet ic  i n t e r f e r e n c e  (EMI) on t h e  
o p e r a t i o n  of t h e  spa rk  gene ra to r ;  t h e  d iode  provides  r e v e r s e  v o l t -  
age  p o l a r i t y  p r o t e c t i o n  f o r  t h e  t iming c i r c u i t  and powers a l l  t h e  
remaining c i r c u i t  e lements .  

The i g n i t i o n  spa rk  i s  genera ted  by t h e  i n d u c t i v e  k i c k  of 
a h igh - tu rn - ra t io ,  high-vol tage t ransformer  s i m i l a r  t o  an auto- 
mobile  i g n i t i o n  c o i l ,  A f t e r  r e c e i v i n g  t h e  s tar t  command, a cur- 
r e n t  of about  l amp is allowed t o  flow through t h e  low-impedance 
pr imary of t h e  t ransformer  f o r  a nominal per iod  of 75 msec. A t  
t h i s  t i m e  t h e  c u r r e n t  is switched o f f ,  causing t h e  s t o r e d  magnet ic  
energy i n  t h e  t ransformer  t o  gene ra t e  a p u l s e  of s u f f i c i e n t l y  h igh  
v o l t a g e  t o  a r c  a c r o s s  t h e  spa rk  gap i n  t h e  i g n i t i o n  c a v i t y  and 
i g n i t e  t h e  GOX/propane mixture .  
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The c u r r e n t  f lowing through t h e  primary winding of t h e  
t ransformer  is c o n t r o l l e d  by a s o l i d - s t a t e  t iming  c i r c u i t .  On 
r e c e i p t  of t h e  start command, t h e  i n p u t  c i r c u i t s  of comparator 
a m p l i f i e r  OA1 f o r c e  t h e  a m p l i f i e r  ou tpu t  h igh ,  which t u r n s  on Q1. 
The on state of Q1 a l lows  base  c u r r e n t  t o  f low through Qzr switch- 
ing  42 on and a l lowing  c u r r e n t  t o  f low v i a  a 25-ohm r e s i s t o r  t o  
t h e  primary winding of t h e  t ransformer .  The t iming  of t h e  swi tch  
o f f  p o i n t  i s  e s t a b l i s h e d  by t h e  F$,CT product  at t h e  inpu t  of OAl .  

The i n c r e a s i n g  v o l t a g e  ac ross  t h e  t iming c a p a c i t o r  C i s  compared 

a g a i n s t  V by OA1. When t h e  t iming  c a p a c i t o r  v o l t a g e  exceeds 

t h e  r e f e r e n c e  v o l t a g e ,  OA1 swi tches  i t s  output  from high  t o  low. 
This  swi tch ing  a c t i o n ,  speeded up by t h e  0.001-pf l ead  c a p a c i t o r ,  
t u r n s  o f f  Q1 (and t h e r e f o r e  Q2), thereby  i n i t i a t i n g  t h e  spa rk  
transient. 

T 

r e f  

While t h e  spa rk  t iming c i r c u i t  is o p e r a t i n g ,  low-pressure 
GOX f lowing through t h e  OR/NOR f l u i d i c  module p r e s s u r i z e s  a 4LV- 
010 f l u i d  c a p a c i t o r  i n  0.100 s e c  and swi tches  t h e  output  t o  node 
7. This cu t s  o f f  t h e  flow of propane by c l o s i n g  both  t h e  d i a -  
phragm a m p l i f i e r  and t h e  p i l o t  a c t u a t i o n  v a l v e .  The burning 
GOX/propane mixture  flows from t h e  precombustor ‘ through a low- 
v e l o c i t y  f n j e c t o r  i n t o  t h e  motor,  where i t  h e a t s  t h e  f u e l  g r a i n  
and i n i t i a t e s  t h e  hybr id  combustion process .  The low-veloci ty  
i n j e c t o r  was s e l e c t e d  p r i m a r i l y  t o  ensu re  uniform a x i a l  r eg res -  
sioaO 
propane i g n i t i o n  system. 

This  t ype  of i n j e c t o r  i s  a l s o  i d e a l l y  s u i t e d  t o  a sparked- 
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D .  SPIN/DESPIN MOTOR DESIGN 

The s p i n / d e s p i n  motor has  been designed t o  minimize t h e  main- 
tenance,  r e p a i r  and resupply requirements  f o r  t h e  f i ve  a r t i f i c i a l -  
g r a v i t y  maneuvers. Several f a c t o r s  favored  us ing  a s e p a r a t e  motor 
f o r  s p i n / d e s p i n  d e s p i t e  t h e  decrease  i n  system commonality, These 
f a c t o r s  were : 

1) The ACS and s p i n / d e s p i n  systems have v a s t l y  d i f f e r e n t  
impulsel t ime requirements  ( t h e  s p i n / d e s p i n  motors use  
n e a r l y  h a l f  t h e  10-yr t o t a l  impulse f o r  t h e  e n t i r e  
a t t i t u d e  c o n t r o l  system i n  4 hr  dur ing  each spinup o r  
d e s p i n  maneuver); 

The two systems have s i g n i f i c a n t l y  d i f f e r e n t  o p e r a t i n g  
l i ves  ( t h e  s p i n / d e s p i n  motors are o n l y  used f o r  t h e  
f i r s t  18 months, b u t  t h e  ACS motors must o p e r a t e  re- 
l i a b l y  f o r  10 y r ) ;  

The s p i n / d e s p i n  motors o p e r a t e  wi th  s i n g l e  burns  a t  
p r e d i c t a b l e  i n t e r v a l s ,  b u t  t h e  ACS motors o p e r a t e  for 
hundreds of  burns a t  random i n t e r v a l s .  

2 )  

3 )  

The maintenance a n a l y s i s  performed i n  Task 2 revea led  t h a t  
u s i n g  t h e  ACS motors t o  perform t h e  s p i n l d e s p l n  maneuvers o r  de- 
s i g n i n g  a compromise motor t o  perform both  t a s k s  would increase 
t h e  maintenance requirements  of  t h e  APS. On the o t h e r  hand, t h e  
s p i n / d e s p i n  motor d e l i v e r s  1 2  t i m e s  the  t o t a l  impulse of an 466 
motor f o r  on ly  a 60% i n c r e a s e  i n  refurbishment  t i m e  (45  rnan-minutes 
t o  r e f u r b i s h  one ACS motor vs 75 man-minutes f o r  one s p i n / d e s p i n  
motor) .  

Although t h e  s p i n / d e s p i n  motors have 1 2  times t h e  tata l  impulse 
oi- t h e  ACS motors ,  t h e  two motors have n e a r l y  i d e n t i c a l  bal l ig j t l c !  
c h a r a c t e r i s t i c s .  The s p i n / d e s p i n  motor i s  an e x a c t  scale-up of 
t h e  ACS motor:  every dimension h a s  been i n c r e a s e d  by a f a c t o r  
of 2 . 2 9 .  
cent web are i d e n t i c a l  f o r  t h e  two motors.  Since both  mstorn are 
i n  t h e  s m a l l  motor ca tegory ,  no scale-up problems are gx 
and t h e  two motors could be q u a l i f i e d  i n  one developmeat p r o g r ~ m ,  

Both t h e  chamber p r e s s u r e  and o x i d i z e r  mass flux vs per- 
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1. Design Objective 

VI-33 

The s p i n / d e s p i n  motors provide  t h e  Space S t a t i o n  wi th  a ro- 

An impulse of 3110 kN-sec (698,050 lb f - sec  i s  needed t o  
t a t i o n a l  v e l o c i t y  of 4 rpm t o  produce an i n t e r n a l  0.7-g environ-  
ment. 

accomplish a s p i n  o r  desp in  maneuver. A three-motor system w i l l  
be  used i n  which each motor provides  1039 kN-sec (233,675 lbf -sec)  

of impulse.  These t h r e e  motors exceed s p i n l d e s p i n  impulse re- 
quirements  by 13 .3  kN-sec (2975 l b f - s e c  t o  ensu re  s u c c e s s f u l  

completion of  t h e  s p i n / d e s p i n  maneuvers. 

) 

1 
The use  of t h r e e  motors provides  a system whereby each motor 

i s  of s u f f i c i e n r :  s i z e  and weight  t o  a l low ease of hand l ing  dur ing  
re furb ishment ,  w h i l e  provid ing  a system r e q u i r i n g  t h e  l eas t  amount 
of s t o r a g e  space .  Five complete s p i n / d e s p i n  maneuvers are planned 
dur ing  t h e  f i r s t  18 months of space  s t a t i o n  o p e r a t i o n .  Thus, each 
s e t  of  t h r e e  motors w i l l  be  used 10 t i m e s .  

Table V I - 4  summarizes t h e  des ign  and performance of t h e  pro- 
posed hybr id  s p i n / d e s p i n  motor. 

2.  Motor Description 

Each s p i n f d e s p i n  motor (Fig.  V I - 8 )  has  an o v e r a l l  l e n g t h  of  
2032 mm (80 i n . )  and has  f u l l y  loaded mass of 206 kg (454 l b ) ,  
of which 1 1 7  kg (257 lb) i s  t h e  u s e f u l  weight  of t h e  f u e l  g r a i n s .  
Each motor con ta ins  t h e  fo l lowing  subassembl ies :  

1) Nozzle and motor case ;  

2)  Segmented f u e l  g r a i n  assembly; 

3)  
4 )  I g n i t e r  assembly; 

5 )  
6 )  In s t rumen ta t ion .  

Forward c l o s u r e  and s k i r t  assembly; 

Oxid izer  l i n e  and i n j e c t o r  assembly; 
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Table VI-4 Conceptual Spin/Despin Motor 

Propel 1 ants  
PERFORMANCE SUMMARY 

LOX/ (20% PMM-80% PBD) 
Average O/F Ratio 1.850 
Average Chamber Pressure 558 (81) 

kN/m2 (p s i a )  
Nozzl e Expansion Rati o 100 

Average Spezi f i  c Impul se ( sec)  326.2 

Average Thrust, N lb 1170 (263) 

Total Impul se, N-sec (1 bf-sec 1 
Rurati on ( sec )  888 

( f )  

1,039 180 (233,675) 

DESIGN SUMMARY 
Motor Desi gn 

I g n i  t i  m 
Oxidizer F1 ow Control 

Pyrogen i g n i t e r  using UTC Propel 1 ant  UTX 9423 

Forward CI osure 394 Sta in less  Steel Forward Closure Attached 
t o  t h e  IYlotor Case with 16 Shear Pins 

tlstor Case b Nozzle Radiati on-Cool ecl , MoSi 2-Coated Molybdenum 

Phenol i c Cartri  dges . 
the Cartridge Signal Fuel Deplection 
366 (14 .4)  

Grain Resign Segmented Single-Port Fuel Grain Cast in to  
Trip Wires Imbedded in 

Grain Blameter ,  mm ( i n . )  
Graj n Length  (7-Segments 1 mm 
( i n e >  1298 (51.1) 

Throat Diameter, rnm ( i n l >  38 (1 .49)  
Overall L e n g t h l  mm ( i n 9  ) 2032 (80.9) 

Msvable Tube Approach Mgtor Refurb i  shrnent 
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a, Nozzle and Motor Case Assembly - A s ing le -p iece  motor case  
and nozz le  e l i m i n a t e s  an a f t  c l o s u r e  j o i n t .  The molybdenum case 
i s  coa ted  wi th  MoSi, t o  provide  a h e a t  r e s i s t a n t  s u r f a c e  and al low 
r a d i a t i o n  coo l ing  f o r  long  nozz le  l i f e .  The case has  an o v e r a l l  
d iameter  of  376 mm (14.8 i n . )  and a w a l l  t h i ckness  of 2.54 mm 
(0.100 i n . ) .  The case  and nozz le  assembly has  an o v e r a l l  l e n g t h  
of 1643 mm (64.7 i n . )  long  and a mass of  54 kg (120 l b )  a An op- 
timum expansion r a t i o  of 100 i s  provided by t h e  n o z z l e ' s  38-mm 
(1.49-in.)  t h r o a t  diameter  and t h e  381-mm (15- ins )  e x i t  d iameter .  
The e x i t  contour  i s  a 70% b e l l ,  which provides  a sav ings  i n  over- 
a l l  l eng th  and t h e  same e f f i c i e n c y  as a 15-deg ha l f -angle  conical. 
nozz le  e 

b .  Segmented Fuel  Grain Assembly - The f u e l  g r a i n  i s  segmented 
i n t o  s i x  s e c t i o n s  t o  f a c i l i t a t e  f u e l  g r a i n  handl ing  dur ing  re- 
furb ishment .  Each segment has  a m a s s  of n o t  more than  22.7 kg 
(50 l b )  . The segments are as fo l lows:  

Segment I Q u a n t i t y  I Length. I Mass* 
Forward Head I 1 I254 mm (10 i n . )  I 2 2 . 7  kg (50 l b )  I 
C y l i n d r i c a l  4 191  mm (7.5 i n . )  20 kg (45 l b )  

A f t  Sec t ion  1 330 mm (13 i n . )  22 kg (49 lb) 

*Total  m a s s  p e r  segment inc ludes  pheno l i c  c a r t r i d g e s  and 
r e s i d u a l  f u e l .  

A t o t a l  of 180 segments a r e  r equ i r ed  t o  accomplish t h e  
f ive  complete s p i n / d e s p i n  maneuvers dur ing  t h e  10-yr f l i g h t  m i s -  
s i o n .  These segments are l i s t e d  below: 

Segment Quant i ty  

Forward Head Segments 30 

Cy 1 . indr i  c a l  Segments 120 

A f t  Sec t ion  Segments 30 

Tot a1 180 

The f u e l  i s  a rubber ized  compound c o n s i s t i n g  of 20% PMM 
and 80% PBD. This  nontoxic  material can be  s t o r e d  and handled 
aboard the  Space S t a t i o n  i n  complete s a f e t y .  The f u e l  i s  cast 
i n t o  pheno l i c  c a r t r i d g e s  wi th  a 2.54-mm (0.100-in.)  w a l l  t h i ck -  
nes s  and a 366.8-mm (14.4-in.)  d iameter ,  The s i x  c a r t r i d g e s  used 
f o r  each motor weigh a t o t a l  of 5 kg (11 l b ) .  E l e c t r i c a l  con- 
t i n u i t y  wire i s  c a s t  around t h e  366-mm (14.4-in.)  0,D. of t h e  
f u e l  g r a i n  t o  determine when t h e  g r a i n  is  d e p l e t e d ,  A t  web 
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burnout ,  t h e  e l e c t r i c a l  c o n t i n u i t y  i s  des t royed .  This cond i t ion  
i s  i n d i c a t e d  on t h e  motor f i r i n g  c o n t r o l  p a n e l ,  and mQtor opera- 
t i o n  is au tomat i ca l ly  s h u t  down. Con t inu i ty  between segments i s  
maintained through male and female j a c k / p i n  connectors  (two p e r  
segment) t h a t  are connected dur ing  motor f u e l  g r a i n  assembly. 

The f u e l  g r a i n  has  a c o n s t a n t ,  58-mm (2.28-in.)  p o r t  diam- 
eter through f i v e  segments.  I n  the  a f t  segment,  t h e  p o r t  t a p e r s  
open t o  94 mm (3.7 i n . )  t o  f a c i l i t a t e  boundary l a y e r  cool ing  
behind t h e  nozz le .  The po r t - to - th roa t  area r a t i o  i s  2.3. This  
f u e l  g r a i n  des ign  provides  a t o t a l  impulse of  1,039,180 N-sec 
(233,675 l b f - s e c  

see of motor o p e r a t i o n  a t  an average chamber p r e s s u r e  of 558 kN/m2 

The 154-mm (6.06-in.)  t h i c k  web a l lows  888 1 
(81 p s i a )  and an average t h r u s t  of 1170 N 

c. Forward Closure  - The forward c l o s u r e  and at tachment  s k i r t  
i s  a one-piece s t a i n l e s s  steel assembly t h a t  p rov ides  f o r  an i g -  
n i t e r  assembly, o x i d i z e r  i n j e c t o r ,  and f l i g h t  i n s t rumen ta t ion .  
The c l o s u r e  assembly is  a t t a c h e d  t o  t h e  case by 16 s h e a r  p i n s  
and has a m a s s  o f  24 kg (53 l b ) .  The p i n s  are h e l d  i n  p l a c e  dur- 
i n g  motor assembly and handl ing  by an e las t ic  s t r a p  ( s i m i l a r  t o  
a watch band) t h a t  f i t s  around t h e  motor and over  t h e  head of t h e  
p i n s .  The p i n s  are recessed  so  t h a t  t h e  s t r a p ,  when s e a t e d ,  i s  
f l u s h  w i t h  t h e  motor s u r f a c e .  The s k i r t  p o r t i o n  of t he  c l o s u r e  
i s  used t o  a t t a c h  t o  t h e  re furb ishment  tube  assembly. Holes are 
provided f o r  p inning  t h e  s k i r t  t o  t h e  r e t r a c t i n g  assembly of  t h e  
refurbishment  tube  During r e t r a c t i o n  and re furb ishment ,  t h e  
motor i s  suppor ted  by t h e  forward s k i r t .  The motor case  f l a n g e  
i s  l o c a t e d  o u t s i d e  t h e  Space S t a t i o n  when t h e  motor is  i n  t h e  
f i r i n g  p o s i t i o n ;  f a i l u r e  of t h i s  h o t  gas  seal w i l l  v e n t  t he  
chamber gases  t o  space ,  n o t  i n t o  t h e  Space S t a t i o n .  

sembly - The i g n i t e r  assembly c o n s i s t s  of an 
electrical. i n i t i a t o r  w i r e ,  4 gm of BKN03 p e l l e t s ,  a p e l l e t  re- 
ta iner ,  a 0.14-kg (0.3-lb) s o l i d  p r o p e l l a n t  charge ,  and an i g n i t e r  
bOUSing, 

The i g n i t e r  assembly i s  a se l f - con ta ined  u n i t  t h a t  mounts 
ins ide  t ha  forward c l o s u r e  around t h e  LOX i n j e c t o r  (Fig.  VI-8) e 

This eliminates t h e  p o s s i b i l i t y  of damage t o  t h e  forward c l o s u r e  
orad pmvides complete s a f e t y  t o  t h e  crew i n s i d e  t h e  Space S t a t i o n  
I n  case o f  an i g n i t e r  mal func t ion .  
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The i g n i t e r  i s  102 mm ( 4  i n . )  l o n g ,  51 mm ( 2  i n . )  i n  
d iameter ,  and has  a m a s s  of 0 . 3  kg (0 .7  lb). The p r o p e l l a n t  
charge weighs 0.14 kg ( 0 . 3  l b )  . 

I g n i t i o n  i s  i n i t i a t e d  by provid ing  an e l e c t r i c  s i g n a l  t o  
an e l ec t r i c  match mounted i n s i d e  t h e  i g n i t e r  chamber. The elec- 
t r i c a l  s i g n a l  cab le  connects  t o  t h e  o u t s i d e  of t h e  forward c l o s u r e ,  
and t h e  e l e c t r i c  match i s  a t t a c h e d  t o  t h e  i n s i d e  of t h e  c l o s u r e .  
The p lug  connect ion provides  f o r  easy re furb ishment .  The match 
i g n i t e s  4 gm of  BKNO3 p e l l e t s  t h a t  are r e t a i n e d  i n  t h e  i g n i t e r  
chamber by a phenol ic  r i n g .  The p h e n o l i c  r i n g  a l s o  provides  a 
chamber compartment where p r e s s u r e  can b u i l d  up t o  689 kN/m2 
(100 p s i a ) .  The p r o p e l l a n t  charge ex tends  i n t o  t h i s  compartment, 
where i t  i s  i g n i t e d  by t h e  BKNO3 p e l l e t s ,  The p r o p e l l a n t  g r a i n  
i s  designed t o  burn f o r  2 sec. 

J u s t  b e f o r e  t h e  i g n i t e r  i s  f i r e d ,  t h e  LOX i s  i n j e c t e d  
i n t o  t h e  a f t  i g n i t e r  chamber, where i t  burns  w i t h  t h e  i g n i t e r  
p r o p e l l a n t  i n  a liquid-augmented s o l i d  mode. The h o t ,  o x i d i z e r -  
r i c h  gases  f low from the unchoked i g n i t e r  i n t o  t h e  f u e l  p o r t ,  
where they i n i t i a t e  t h e  hybr id  combustion p r o c e s s .  The phenol ic  
i g n i t e r  chamber i s  designed t o  a b l a t e  away a f t e r  i g n i t i a n ,  a l low-  
i n g  f u l l  impingement of  t h e  LOX on t h e  h y b r i d  f u e l  g r a i n ,  

The i g n i t e r  des ign  provides  v a r i o u s  s a f e t y  f e a t u r e s ,  
Since t h e  i g n i t e r  c a r t r i d g e  is  open a t  b o t h  ends ,  t h e  loaded 
c a r t r i d g e  can b e  s t o r e d  w i t h  no p o s s i b i l i t y  of explos ion  o r  ig -  
n i t i o n .  Once i n s t a l l e d  i n  t h e  motor ,  t h e  forward c l o s u r e  p r o t e c t s  
the.Space S t a t i o n  from any m a l f m c t i o n  of  t h e  i g n i t e r ,  Since LOX 
i s  r e q u i r e d  t o  i g n i t e  t h e  main motor ,  a premature f i r i n g  of  t h e  
i g n i t e r  would b e  a harmless  mal func t ion  r e q u i r i n g  o n l y  an i g n i t e r  
refurbishment  . 

The s o l i d  p r o p e l l a n t  used i n  t h e  i g n i t e r  i s  a UTC CTBP 
type ,  des igna ted  UTX 9423 ,  which i s  smokeless and c o n t a i n s  no 
aluminum o x i d i z e r .  F i g u r e  V I - 9  shows i t s  burn ra te  as a f u n c t i o n  
of chamber p r e s s u r e  a 

e .  Oxid izer  Line and I n j e c t o r  Assembly - The o x i d i z e r  system 
c o n s i s t s  of a LOX c o n t r o l  valve, a LOX l i n e  quick-disconnect ,  .a 
vacuum l i n e  quick-disconnect  , and an i n j e c t o r  n o z z l e .  

During motor o p e r a t i o n ,  LOX flows a t  a ra te  of  0.23  k g / s e c  
(0.5 l b / s e c )  which means t h a t  213 kg (470 l b )  of  LOX are r e q u i r e d  
p e r  motor f i r i n g .  An e l e c t r i c a l l y  o p e r a t e d  o x i d i z e r  c o n t r o l  valve 
s t o p s  t h e  o x i d i z e r  f low t o  t e r m i n a t e  motor o p e r a t i o n .  A qu ick  d i s -  
connect c o n s i s t i n g  of  a mating socket  assembly and a n i p p l e  assem- 
b l y  provides  an e a s y ,  q u i c k ,  and s a f e  method of  d i sassembl ing  t h e  
o x i d i z e r  l i n e  e 
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A f t e r  be ing  connected,  t h e  s o c k e t  assembly opens af ter  
t h e  n i p p l e  assembly ; when disassembled,  t h e  s o c k e t  assembly c l o s e s  
b e f o r e  t h e  n i p p l e  assembly. The s o c k e t  assembly w i l l  be  mounted 
on t h e  LOX l i n e  t o  e n s u r e  t h a t  t h e r e  i s  no leakage  o f  LOX dur ing  
quick-disconnect o p e r a t i o n s .  The downstream s i d e  of t h e  c o n t r o l  
valve w i l l  b e  f ree  of LOX, due t o  t h e  vacuum downstream of  t h e  
c o n t r o l  valve, a f t e r  t h e  o x i d i z e r  f low i s  te rmina ted .  The d i s -  
connect assembly d e s c r i b e d  provides  an impor tan t  f e a t u r e  t o  pre-  
v e n t  i c e  format ions  due t o  t h e  f low of LOX. The internal  flow 
p a t h  of t h e  LOX i s  vacuum-jacketed. A vacuum l i n e  is  provided 
on the n i p p l e  assembly t h a t  i s  mounted on t h e  motor s i d e  of t h e  
d isconnec t .  The vacuum l i n e  h a s  a quick  d isconnec t  of  i t s  own, 
provid ing  f o r  easy  disassembly dur ing  re furb ishment -  

The o x i d i z e r  l i n e  i s  10 mm (0 .4 i n . )  i n  diameter  up t o  
t h e  i n j e c t o r  o r i f i c e .  The i n j e c t o r  o r i f i c e  i s  3.89 mm (0.153 i n . )  
i n  diameter .  Oxid izer  i n j e c t i o n  p r e s s u r e  i s  maintained a t  767 
kN/m2 (110 p a i a ) ,  p r o v i d i n g  a 0 .23  k g / s e c  (0.5 l b / s e c )  f low dur ing  
motor o p e r a t i o n .  A t o t a l  of 213 kg (469 l b )  o f  LOX i s  r e q u i r e d  
dur ing  one motor o p e r a t i o n .  

E. O X 1  D I Z E R  FEED ASSEMBLY DES I GN 

"he 8FA onboard the  Spaea S t a t i o n  s u p p l i e s  o x i d i z e r  f o r  t h e  
attiCude cont ro l  motors only, and p r a v i d e s  lass  than 20% of the 
t a t a l  oxidizer required over the  10-yr p e r i o d  dur ing  which A P S  
impulaa AB .required, However, t h i s  f e e d  assembly i s  of  major  
in te res t  t o  Ehs p r e s e n t  s t u d y .  It muat o p e r a t e  s a f e l y  and re- 
l i a b l y  and meet the ACS requirements  dur ing  t h e  10-yr l i f e  of t h e  
Space B t a t i ~ n ,  while minimizing r e p a i r ,  maintenance,  and resupply  
r@qu%E@mcnts. The leng f i f e  and h igh  u t i l i z a t i o n  ra te  of t h e  OFA 
dietat@ that novel dgeiga cancepts  and r e s u p p l y ,  maintenance, and 
%epa%r meth@& be cons idered  t o  reduce i t s  impact on t h e  o p e r a t i o n  
ef the space  s t a t i o n ,  

The6e requirements are alse  impor tan t  f o r  t h e  OFA f o r  t h e  s p i n /  
d e s p h  Q . Q ~ Q S I ~  However, because th i s  l a t t e r  system uses  LOX i n -  
sfcad @ f  GOX, i t  requi roa  such l a r g e  q u a n t i t i e s  of o x i d i z e r  t h a t  
Ehe LQX will be s u p p l i e d  d i r e c t l y  from t h e  cargo  module of  the 
% e g i s t i e s  vehicled 
deepin R O ~ B T I  be B se~3l@d-up versian of  t h e  conceptua l  d e s i g n  de- 
@cPfb@d b & @ ~ .  The deaign of  the f e e d  system i n  t h e  cargo module 
IS beyond ' d i g  53CQpg 

We prapose t h a t  t h e  f e e d  assembly f o r  t h e  s p i n /  

t h i s  Study. 
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2. O x i d i z e r  Feed System D e s c r i p t i o n  

VI-41 

The OFA s a t i s f i e s  a l l  t h e  ACS performance, s a f e t y ,  and re- 
l i a b i l i t y  requirements  and minimizes crew commitments and i n f l i g h t  
maintenance. It a l s o  combines commonality, growth p o t e n t i a l ,  and 
Space S t a t i o n  i n t e g r a t i o n  p o t e n t i a l  w i t h  minimum development r i s k .  

The OFA is  b a s i c a l l y  a p r e s s u r i z e d  f eed  system t h a t  uses  a 
co ld  gas  i n  a blowdown manner t o  f o r c e  o x i d i z e r  conta ined  by s u r -  
face t ens ion  o u t  of a p o s i t i v e  expu l s ion  t ank .  Gaseous oxygen 
was chosen as t h e  o x i d i z e r  due t o  t h e  d e s i r e d  s t a r t  t r a n s i e n t s  
d i c t a t e d  by t h e  hybr id  TCA f o r  t h e  ACS. However, t h e  o x i d i z e r  
is  s t o r e d  i n  l i q u i d  form t o  minimize weight  and volume. Helium 
was s e l e c t e d  as t h e  p r e s s u r a n t .  The s t o r a g e  c a p a b i l i t y  of t h e  

p r e s s u r a n t  gas  a 

OFA is 293 kg 645 lb,) of LOX and 1 7 . 1  kg 37.68 l bm of he l ium ( ) 

The OFA i s  shown i n  F ig .  VI-LO and desc r ibed  i n  Table VI-5. 
Each of the  two subassemblies  f i t s  i n  an aluminum c a b i n e t  2032 mm 
(80 i n . )  by 1219 mm ( 4 8  i n . )  by 610 mm (24 i n . ) ,  which r e q u i r e s  
a volume of 1.51 m3 (53.3 f t 3 ) .  
VI-11. 

This  c a b i n e t  is  shown i n  F ig .  

The 10-yr l i f e  requirement  d i c t a t e s  t h a t  t h e  OFA b e  r e p a r a b l e  
and con ta in  a degree  of  redundancy. Thus, each p ropu l s ion  module 
2s designed t o  have two in t e rconnec ted  o x i d i z e r  f eed  systems t h a t  
are v i r t u a l l y  independent .  I n  a d d i t i o n ,  t h e  OFAs f o r  each module 
are i n t e r c a n n e c t e d ,  and each system has  redundant  components and 
assembly of "quad" check va lves  t o  e l i m i n a t e  s i n g l e - p o i n t  f a i l u r e s .  
A p o t e n t i a l  f a i l u r e  on one s i d e  o f  t h e  quad valve i s  e l i m i n a t e d  by 
r e d i r e c t i n g  t h e  flow through t h e  redundant  s i d e .  This a l s o  pe rmi t s  
repl.acing t h e  " f a i l e d "  s i d e  of t h e  quad valve w i t h o u t  h i n d e r i n g  
the o p e r a t i o n  o f  t h e  p ropu l s ion  sys tem,  
flew r e g u l a t i o n  assembly i s  used t o  o b t a i n  c o a r s e  r e g u l a t i o n ,  f o l -  
lowed by f l n e  r e g u l a t i o n .  Use i s  a l s o  made of  i n t e r c o n n e c t i o n s  
(c rossover  va lves )  between t h e  two systems making up a p ropu l s ion  
module. 
the. presaurirnt t ank ,  downstream of t h e  o x i d i z e r  t ank ,  and j u s t  
upstream o f  t h e  TCA u n i t s  t o  enab le  i n t e r a c t i o n  between the  two 
systems raf the propu l s ion  module, i f  r equ i r ed .  Each system a l s o  
eonfa ins  relief valves and b u r s t  discs a t  l o c a t i o n s  where an un- 
r e l i e v e d  pre86ure bui ldup  could r e s u l t  i n  catas t r o p h i c  f a i l u r e  

A two-stage p r e s s u r e  and 

These i n t e r c o n n e c t i o n s  have been provided  downstream of  

The csmponents are designed f o r  qu ick  removal w i t h  a minimum 
of p h y s i c a l  e f f o r t .  S ince  a group of  components (one s i d e  of t h e  
quad valve assembly, f o r  example) o r  a s e c t i o n  of t h e  OFA may be- 
come d e f e c t i v e ,  madu la r i za t ion  is  used when p o s s i b l e  t o  f ac i l i t a t e  
replacement 
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Table VI-5 Conceptual Oxidizer Feed Assembly 

VI-45 

PROPELLANT TANKAGE ASSEMBLIES 
Minimum Total Oxidizer Capacity, 
kg  ( ’  bm)  
Total Oxidizer Volume, m3 ( f t 3 )  
Typical Size of Capillary Screen Tank 
Assembly, m ( i n . )  
Total Weight, kg  l b  ( m )  

HIGH PRESSURE STORAGE ASSEMBLIES & PRESSURE 
CONTROL ASSEMBLY 

Pressurant 
Total Pressurant Capacity, kg (1b ) m 
Total Pressurant Volume, m 3  ( f t 3 )  
Number of T i t a n i u m  Spheres 
Typical Size of Titanium Spheres, m ( i n . )  
Pressure Control Assembly 
Total Wei gh t , kg  (1 bm)  

RESUPPLY 
Method 
Transfer Efficiency (%) 
Total Weight of Distribution System/ 
Mani fol  ds/Umbi 1 i cals  kg  1 b ( 

293 (645) 

0.27 (9.22) 
4.19 (16.5) diameter by 
0.699 (27.50) long 
38.8 (85.72) 

Helium a t  3445 kN/m2 (500 ps ia )  
7.4 (16.32) 
0.20 (7.08) 
4 
0.457 (18) diameter 
Regulated 
17.1 (37.68) 

B1 owdown F1 u i  d-Flow Transfer 
98 

31.7 (85) 
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Fin l l y s  i t  i re ognized t h a t  t h e  system f l u i d s  should b e  
i s o l a t e d  du r ing  r e p a i r  o r  replacement .  
a l l  f l u i d  s t o r a g e  c o n t a i n e r s  and t r a n s f e r  l i n e s  t o  vacuum, us ing  
co ld  t r a p s  t o  reclaim t h e  f l u i d ,  This  pe rmi t s  s t o r i n g  t h e  f l u i d ,  
as w e l l  as i s o l a t i n g  t h e  system f l u i d  if i t  becomes contaminated. 

This  can be done by ven t ing  

The OFA w i l l  be  r e supp l i ed  us ing  a blowdown s c r e e n  arrangement;  
a blowdown system w i l l  b e  used t o  resupply  p r e s s u r a n t .  The pres-  
s u r a n t  b o t t l e  onboard t h e  l o g i s t i c s  c r a f t  w i l l  be  s i z e d  s o  t h a t  
t h e  r e s i d u a l  p r e s s u r a n t  resupply  gas  can be used as t h e  p r e s s u r a n t  
f o r  oxidi ,zer  resupply .  

S e l f - s e a l i n g  d i sconnec t s  w i l l  b e  used t o  p reven t  s p i l l s .  
p r e s s u r a n t  level w i l l  be  determined by p r e s s u r e  gages on t h e  Space 
S t a t i o n  s t o r a g e  tank.  The o x i d i z e r  level  w i l l  b e  predetermined 
on the l o g i s t i c s  c r a f t ,  and a l l  the f l u i d  w i l l  b e  t r a n s f e r r e d .  

The 

The i n t e r f a c e  between the l o g i s t i c s  c r a f t  and the Space S t a t i o n  
i s  t h e  hand-operated quick  d i sconnec t  a With a d d i t i o n a l  develop- 
ment, t h i s  could b e  converted t o  a "hard-dock" o p e r a t i o n  t o  e l i m -  
ina te  crew commitment and completely automate t h e  system. 

% 

The LOX l i n e s  and tanks  are covered w i t h  aluminized Mylar, a 
super i n s u l a t i o n ,  t o  minimize h e a t  t r a n s f e r  e f f e c t s .  

& Oxid lze r  Feed Assembly Component Description 

A l l  components of t h e  OFA are based on demonstrated technology 
and can s a t i s f y  the  1 9  75 technology requirement  Where p o s s i b l e  , 
q u a l i f i e d  of f - the-she l f  components have been s e l e c t e d  t o  reduce 
t h e  complexity and expense of t he  o x i d i z e r  feed  development program. 
All components were s e l e c t e d  on t h e  b a s i s  of a b s o l u t e  s a f e t y ,  h igh  
r e l i a b i l i t y  and minimum maintenance 

a, TsehnPcal S t a t u s  D e s c r i p t i o n  - An assessment  of  t h e  tech-  
nology o f  t h e  components and subsystems t h a t  compose t h e  OFA and 
resupply  subsystems must begin  w i t h  t h e  q u e s t i o n  Wha t  i s  t h e  
status of t h e  technology today?" Today's s t a t e -o f - the -a r t  i s  de- 
f i n e d  a$ that  technology t h a t  has  been demonstrated,  The techno- 
1sgica.l status  of  t h e  components and methods proposed f o r  t h e  OFA 
i s  preeentad  below. 
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Capillarg Screen Tank - Screen t a n k s  have been developed 
and used on propuls ion  systems t o  c o n t r o l  l i q u i d  p r o p e l l a n t ,  b u t  
tanks  f o r  cryogenic  s t o r a g e  are s t i l l  under development. Capil-  
l a r y  s c r e e n  tanks  are noted f o r  t h e i r  h igh  r e l i a b i l i t y  and e f f i -  
c iency due t o  t h e i r  l a c k  of moving p a r t s . *  

Pressurant Tank - P r e s s u r a n t  tanks  are s t a n d a r d  commercial 
i t e m s  i n  any s i z e  and mater ia l .  T h e i r  g e n e r i c  f a i l u r e  ra te  j s  
given  a t  0.044 ppm/hr.f' 

The p r e s s u r a n t  tanks  are t i t a n i u m  s p h e r e s  t h a t  have a d i -  
ameter of 457.2 mm (18 i n . )  and a w a l l  t h i c k n e s s  of 0.7366 mm 
(0.029 i n . ) .  Each of t h e  f o u r  s p h e r e s  i s  connected t o  a b u r s t  
d i s c  and a r e l i e f  valve. The tanks  are mounted t o  permit  easy 
access and replacement (Fig.  VI-12). 

Oxidizer Tank - Four o x i d i z e r  tanks  are r e q u i r e d .  The 
tanks  are made of  t i t a n i u m  and are 698.50 rm (27.5 i n . )  l ong ,  
419.10 mm (16.50 i n . )  i n  d iameter ,  and have a w a l l  t h i c k n e s s  of 
0.6731 mm (0.0265 i n . )  (F ig .  VI-13) e The d i s t a n c e  between t h e  
w a l l  and t h e  c a p i l l a r y  s c r e e n  l i n e r  is  6.35 mm (0.25 i n . ) .  The 
s c r e e n  material i s  s t a i n l e s s  s t ee l  dutch t w i l l .  The s c r e e n  weighs 
0.4536 kg 1.0 l b  

The maximum tank p r e s s u r e  i s  4135 kN/m2 (600 p s i a ) .  

and t h e  tank  weighs 1.3245 kg (2.92 l b / i n . 2 ) .  ( m ) 

,kHandbook of Long-Life Space Vehicle Invest igat ions I) 
Martin Marietta Corpora t icn ,  Denver, Colorado, December 1968. 

Expulsion Tankage. 8500-927018 (Rev A ) ,  B e l l  Aerosystems Company, 
Buffalo,  New York, September 1970. 

J. A. S t a rk :  Study of Low-Gravity Propellant Transfer, F$rs$ 
Quarterly Progress Report. 
San Diego, C a l i f o r n i a ,  September 28, 1970. 

Study of Low-Gravity Propellant Transfep, P-70-25. Nart in  
Marietta Corpora t ion ,  Denver, Colorado, March 1970, 

Capillary Screen Device Technology S m a r y ,  M-70-3,8, Martin 
Marietta Corpora t ion ,  Denver, Colorado, J u l y  1970. 

Pressurization System Design Guide. Aeroje t  General  C ~ r p ~ f @ = .  
t i o n ,  Sacramento, C a l i f o r n i a ,  September 1964. 

M-68-21 e 

C .  A .  Armontrout : Design Guide for Surface-Tension Posit&% 

GDC 584-4-549, General  Dynamiss/Gonvair, 

+Handbook of Piece-Part Failure Rates, Martin Marietta Corpo- 
r a t i o n ,  Denver, Colorado, June 22, 1970. 
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Pressure Transducer - P r e s s u r e  t r a n s d u c e r s  are s t a n d a r d  
commercial i t e m s  a v a i l a b l e  from several vendors .  T h e i r  g e n e r i c  
f a i l u r e  ra te  is  23.2 ppm/hre* 

RequZator - The l i f e  of  off- the-shelf  r e g u l a t o r s  i s  i n  
excess  o f  100,000 c y c l e s ;  t h i s  can b e  extended t o  250,000 c y c l e s  
i f  r e q u i r e d .  For long  miss ions ,  t h e  c o m p a t i b i l i t y  of t h e  valve 
material w i t h  e i t h e r  t h e  f l u i d  medium o r  t h e  environment may b e  
t h e  l i f e - l i m i t i n g  parameter ,  r a t h e r  than  t h e  c y c l i c  l i f e .  Ln- 
t e r n a l  leakage due t o  contaminat ion i s  t h e  major l i f e - l i m i t i n g  
f a i l u r e  mode. 
t i o n  s * 

The g e n e r i c  f a i l u r e  ra te  i s  1 , 2  ppmlhr of  opera- 

The p r e s s u r e  r e g u l a t o r s  (Fig.  VI-14) are made by V i c t o r  
C o n t r o l s ,  Model BLR 1 0 A  1 / 2  1 / 2  1 / 2  T T I .  They are made o u t  of 
2024-T4 aluminum and have a maximum i n l e t  p r e s s u r e  of  41,800 
kN/m2 (6000 p s i g )  and an o u t l e t  p r e s s u r e  range of 384 t o  41,800 
k N / m 2  (50 t o  6000 p s i g )  5.5 l b m  , are 

r a t e d  a t  a maximum a i r f l o w  of  42.65 m3/minute (1500 scfm), and 
o p e r a t e  between 219°K (-65'F) and 344°K (160°F). These p r e s s u r e  
r e g u l a t o r s  are 161.798 mm (6.37 i n . )  long  and have a maximum 
diameter  of 101.6 mm (4.00 i n . ) .  

They weigh 24.4948 kg ( 1 

Relief  VaZve - R e l i e f  valves are f a i r l y  r e l i a b l e .  T h e i r  
g e n e r i c  f a i l u r e  ra te  i s  o n l y  0.224 ppm/hr. I f  a f a i l u r e  does occur ,  
i t  w i l l  probably b e  due t o  premature leakage ,  valve c h a t t e r ,  i n a b i l -  
i t y  t o  cope w i t h  t r a n s i e n t  p r e s s u r e  s u r g e s ,  o r  poor r egu la t ion .$<  

Burst Disc - The response t i m e  o r  a c t u a l  opening t i m e  i s  
extremely fas t  (2.5 msec). Based on tests o f  t h e  T i t a n  I1 f i rs t  
s t a g e  engine ,  t h e i r  r e l i a b i l i t y  i s  0,9997,* 

Check Valve - Check valves are common s t a n d a r d  commercial 
items a v a i l a b l e  from several vendors.  The check v a l v e  i s  t h e  
s i m p l e s t  of a l l  valves, which accounts  f o r  t h e i r  low g e n e r i c  
f a i l u r e  ra te  of  0.16 ppm/hr.* 

The check valve arrangement (F ig .  V I - 1 5 )  is based on 303 
s t a i n l e s s  s teel  valves (Model K2120T-4TT-8) by James, Pond and 
Clark ,  Inc .  These valves r e q u i r e  s p a c i a l  assembly and LOX c l e a n i n g  
f o r  cryogenic  service. 

o p e r a t e  a t  p r e s s u r e s  between 0 and 6 90 kN/m2 (0 and 1000 p s i a )  and 
temperatures  between 78°K (-319OF) and 344°K (160°F). The valve 
s p r i n g  i s  made from 17-7PH, and t h e  seal ,  from Teflon.  The- crack- 
i n g  p r e s s u r e  i s  55 k N / m 2  ( 8  p s i a )  s 

They weigh 8+E701 kg 0,375 lb,) each, and ( 

*Handbook of Piece-Part FaiZure Rates. Mart in  Marietta Corpo- 
r a t i o n ,  Denver, Colorado, June 22, 1970, 
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SoZenoid Valves - A va lve  l i f e  o f  100,000 cyc le s  is  pos- 
s i b l e ,  b u t  may b e  l i m i t e d  by c o m p a t i b i l i t y  w i t h  t h e  f l u i d  medium 
and t h e  space environment.  I n t e r n a l  leakage  caused by contamina- 
t i o n  is t h e  major l i f e - l i m i t i n g  f a i l u r e  mode. Such contaminat ion 
may b e  e i t h e r  from t h e  f l u i d  medium o r  due t o  wearing ou t  of  t h e  
valve material. Solenoid valves have a g e n e r i c  f a i l u r e  rate of  
0.51 ppm/hr. 

The s e l e c t e d  s o l e n o i d  valve (Fig .  VI-16) i s  manufactured 
by James, Pond, and Clark ,  Inc .  (Model V4077T) and has  a p r e s s u r e  
range of from 0 t o  6890 kN/m2 (0 t o  1000 p s i a ) .  It i s  made o u t  
of 303 s t a i n l e s s  s teel  and weighs 0.6804 kg 1.50 lbm . It has  

a v o l t a g e  of 28 vdc and a nominal power r a t i n g  o f  18 w.  Its maxi- 
mum r a t e d  leakage  rate i s  1 cc /h r  f o r  l i q u i d s  and 5 c c / h r  f o r  a i r .  
These va lves  o p e r a t e  between 219°K (-65°F) and 344°K (160°F).  

( 1 

Three-Ww VaZves - The o p e r a t i o n a l  requirements  f o r  the 
three-way valves, as used i n  t h e  OFA, are d i f f e r e n t  t han  t h o s e  f o r  
normal ope ra t ion .  This prevented  l o c a t i n g  s u i t a b l e  valves and may 
i n d i c a t e  the  need t o  des ign  s p e c i a l  valves f o r  t h e  OFA. 

The three-way valve must b e  capable  of  i n t e r c o n n e c t i n g  
any two of t h e  t h r e e  p a r t s .  Mart in  Marietta has  a p r o t o t y p e  
three-way valve t h a t  could b e  modif ied t o  perform t h e  r e q u i r e d  
three-way f u n c t i o n s  a 

A conceptua l  des ign  of a three-way s o l e n o i d  va lve  is shown 
i n  Fig. VI-17. These va lves  w i l l  b e  made o f  s t a i n l e s s  s teel  and 
weigh 0.680 kg 

range of 0 t o  6890 kN/m2 (0 t o  1000 p s i a )  and a tempera ture  range 
of 219% (-65°F) t o  364°K (16OoF), The i r  v o l t a g e  r a t i n g  w i l l  b e  
28 vdc, and t h e i r  nominal power r a t i n g  w i l l  b e  20 w .  
have a leakage rate comparable t o  t h a t  ob ta ined  w i t h  t h e  so l eno id  
valve 

1 .5  l b m  . They w i l l  have an o p e r a t i n g  p r e s s u r e  ( ) 

They w i l l  

g$Lto.AssernbZy - A main ta inab le  f i l t e r  i s  c u r r e n t l y  under 
davelapm&tt' a t  Mart in  Marietta. 
and &6 ready f o r  t e s t i n g .  Commercially a v a i l a b l e  f i l t e rs  have a 
generis failure rate of 0,045 ppm/hr,* 

A p r o t o t y p e  model has  been b u i l t  

- ___I.....,- 

&Ym&szok of Piece-Part FaiZure Rates. Mart in  Marietta Corpo- 
r a t i o n ,  Denver, Colorado, June 22 ,  1970. 
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The i n f l i g h t  maintenance f i l t e r ,  shown i n  F ig .  VI-14, is  
designed f o r  easy  replacement .  The case material i s  303 CRES; 
t h e  f i l t e r  element is  a v a i l a b l e  from A i r c r a f t  Porous Media. The 
f i l t e r  housing is  made from 7075-T6 aluminum. The f i l t e r  has  a 
weight  of  0 . 9 5 2 6 k g  2 . 1  l b m  a l e n g t h  of 171.45 mm (6.75 i n * ) ,  

and a diameter  of 58,674 mm ( 2 . 3 1  i n . ) .  
( ) 

Vaporizer - The v a p o r i z e r  uses  t h e  309,560 B tu lh r  (90.6 
kw) of h e a t  r e j e c t e d  by t h e  Space S t a t i o n .  This h e a t  i s  more 
than  s u f f i c i e n t  t o  s a t i s f y  t h e  r equ i r ed  h e a t  i n p u t ,  10 kw p e r  
vapor i ze r  o r  40 kw t o t a l  r equ i r ed  f o r  t h e  ACS. The d e t a i l s  of 
t h e  h e a t  r e j e c t i o n  approach are n o t  adequate ly  def ined .  Thus, 
t he  design of  t h i s  vapor i ze r  and i t s  i n t e r f a c e  w i t h  the  Space 
S t a t i o n  is  n o t  p o s s i b l e  a t  t h i s  t i m e .  

Tubing and Fittings - S t a i n l e s s  s tee l  and aluminum are 
t h e  most e x t e n s i v e l y  used materials f o r  tub ing;  300-ser ies  s t a i n -  
less steels provide  the  b e s t  p r o p e r t i e s  and are most r e a d i l y  
drawn i n t o  tub ing  form.* 

The tub ing  connect ion most e x t e n s i v e l y  used i n  aerospace 
v e h i c l e s  conform t o  n a t i o n a l  aerospace  s t a n d a r d s ,  m i l i t a r y  
s t anda rds ,  and A i r  Force/Navy a e r o n a u t i c a l  s t a n d a r d s .  For long- 
term s t o r a g e  of f l u i d s ,  brazed o r  welded j o i n t s  are used t o  pre-  
c lude  leakage.  The g e n e r i c  f a i l u r e  ra te  f o r  tub ing  and f i t t i n g s  
i s  0.05 ppm/hr , t  

*Handbook of Long-Life Space Vehicle Investigations. 
Martin Marietta Corpora t ion ,  Denver Colorado, December 1968, 

+Handbook of  Piece-Part Failure Rates. 
r a t i o n ,  Denver, Colorado, June 2 2 ,  1970. 
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b .  Resupply Methods 

Gas Pressurant BZowdown u i th  CapiZZam Screen Feed Sgs- 
- tern - The blowdown technique  h a s  been used f o r  some t i m e ,  and 
t h e  c a p i l l a r y  s c r e e n  is  beginning t o  appear  more o f t e n  i n  pro- 
p u l s i o n  systems.  The combination o f  t h e s e  two i t e m s  a s s u r e s  a 
s u c c e s s f u l  miss ion .  F u r t h e r  development is r e q u i r e d  when LOX i s  
used t o  check h e a t  l o s s  from a d j a c e n t  hardware." 

BZcwdoz(wl Pressurant-Resupp Zg - P r e s s u r a n t  i s  r e s u p p l i e d  
by e q u a l i z i n g  the p r e s s u r e  between a high-pressure s t o r a g e  b o t t l e  
onboard t h e  l o g i s t i c s  c r a f t  and t h e  expended s t o r a g e  tank  onboard 
t h e  Space S t a t i o n .  Although t h i s  system may be h e a v i e r ,  i t  re- 
q u i r e s  a minimum of new technology and i s  w e l l  s u i t e d  f o r  immediate 
des ign  and development. 

Oxidizer ResuppZg (CapiZ Zary Screen) - The same p r i n c i p l e  
t o  be used i n  t h e  f e e d  system is  a p p l i e d  t o  r e s u p p l y .  F u r t h e r  
development i s  r e q u i r e d  t o  s o l v e  h e a t  t r a n s f e r  problems i n  the 
t r a n s f e r  l i n e  and v e n t i n g  problems when LOX i s  used.§ 

Stark: S$zldy of Low-Gravity PropeZlant Transfer, F i r s t  
Q u a r t d y  Ppogress R@pork. GDC 584-4-549. General  Dynamics/ 
Canvwirl §an Biega, CalLfomia ,  September 2 8 ,  1970, 

Marietta CQrpora t ion ,  Denver, Colorado, March 1970. 

Marietta Gsrporat ion,  Denver, Colorado, J u l y  1970. 

StFkdg of Lsw-Gravity PropeZZant Tmnsfer .  P-70-25. Martin 

CapiZ$aqj Soreen Device TechnDZagy Summary. M-70-18. Mar t in  

W e  A ,  ~ e s i ~ a m p  e t  aZ. : Btudg sf Space S ta t ion  PropuZsion 
Sys tsm Besuppl&j and Repair, F ind  Report.  
NAS8-25957. Martin Marietta Corporat ion,  Denver, Colorado, June 
3,978 a 

MCR-70-150, C o n t r a c t  

I C  A ,  Armontrout : Design Guide for  Surface-Tension Posi t ive  
Rr,puZa%on Tankage, 8508-927018 (Rev A) B e l l  Aerosys t e m s  Company, 
B u f f a l ~ ,  New York, September 1970, 
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4. Operating Procedures 

The Space S t a t i o n  OFA w i l l  b e  capable  of two modes of opera- 
t i o n ,  au tomat ic  and manual. For normal c o n d i t i o n s ,  a t t i t u d e  cor- 
r e c t i o n  w i l l  b e  i n i t i a t e d  by t h e  onboard computer o p e r a t i n g  on 
the  au tomat ic  mode. This system w i l l  a l s o  au tomat i ca l ly  compen- 
sate f o r  component f a i l u r e s  by a c t u a t i n g  p rope r  c ros sove r  valves 
t o  o p e r a t e  t h e  s tandby redundant  system. The cond i t ion  of t h e  
system w i l l  b e  i n d i c a t e d  on t h e  c o n t r o l  p a n e l  (F ig .  11-9). This  
p a n e l  w i l l  c o n s i s t  of a system schemat ic  and have warning l i g h t s  
f o r  a l l  major p o r t i o n s  o r  modules of t h e  system. Three l i g h t s  
w i l l  be provided f o r  each module: g reen  f o r  the o p e r a t i n g  p a t h ,  
wh i t e  f o r  s tandby,  and r ed  f o r  a f a i l e d  module. 

I f  t h e  crew wishes t o  perform experiments  o r  emergency a t t i -  
tude  c o r r e c t i o n s ,  they can move t h e  t o g g l e  s w i t c h  on the c o n t r o l  
panel from automat ic  t o  manual o p e r a t i o n .  Once t h e  c o n t r o l  valve 
is opened, engine  c o n t r o l  i s  accomplished w i t h  i s o l a t i o n  swi tches  
on t h e  c o n t r o l  pane l .  The c o n t r o l  pane l  w i l l  a l s o  i n c l u d e  a 
p r e s s u r e  gage and s e l e c t o r  swi t ch  t o  check p r e s s u r e  readings  a t  
va r ious  p o i n t s  a long  t h e  system t o  i s o l a t e  p o s s i b l e  f u t u r e  f a i l u r e s .  
The onboard computer w i l l  be  programmed t o  i n d i c a t e  component 
f a i l u r e  and necessa ry  compensation requi rements .  
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F. INTEGRATED HYBRID APS FACILITIES 

The integrated APS has been designed to verify that a hybrid 
propulsion system can meet high safety and maintainability stand- 
ards while satisfying all APS performance requirements. The 
high level of safety achieved in the OFA and the individual ACS 
and spin/despin TCA motor designs has been maintained in the 
overall system. The system design considered all aspects of 
human engineering per MIL-STD-1472 to achieve high system main- 
tainability. Auxiliary propulsion facilities and space require- 
ments were minimized to minimize the impact of the APS on the 
operation of the Space Station. 

The APS shown in Fig. V I - 1 8  provides all the equipment and 
facilities required to satisfy performance objectives and to 
perform all maintenance, repair, and spares storage functions. 
As shown, the APS is located on the bottom deck of the proposed 
Space Station. The Space Station has an outer diameter of 10.1 m 
(33.0 ft), a central transit and utility core with an inner 
diameter of 3 m (5.0 ft), and a floor-to-ceiling height o€ 2 . 0 3  m 
(80.0 in). The APS motors are located on two raised thruster 
pads on opposite sides of the Space Station, These thruster pads 
are positioned inside a motor refurbishment room that has rnain- 
tenance, repair, and storage facilities. The OFAs are located 
next to the thruster pads. 

G, APS THRdSTERS 

The two APS thruster pads are shown schematically i n  
Fig. V I - 1 9 .  
motors, as well as all their required oxidizer, instrumentation, 
power, ignition, and refurbishment lines, The thruster pads are 
in the shape of raised pillboxes 2.03 m (80.0 in) on a side, and 
extend 45.7 cm (18.0 in) above the surface of the Space Station, 
The eight ACS motors each have GOX lines, propane line@!, and 
power/instrumentation lines a The two spin/despin motors require 
only LOX lines and power/instrumentation lines. The instrumen- 
tation lines from each motor are connected t o  the MDS/autlonaEJ.r: 
monitoring and control system (AMCS). The MDS/AMCS interfaces 
with the manual or automatic fire control system to effect motar 
shutdown in the event of a serious malfunction and to alert the 
operator to minor malfunctions. Along with the 10 APS rngcors, 
each pad contains a three-way valve and a vacuum refurbishmept 
line 

Each pad has eight ACS motors and two spinldespin 
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Atti tude Control Spin/Despin Motor 
Motor TCAs TCAs 

Pad-Mounted Vacuum 
Refurbishment Line 

Cabin I n l e t  

I 
. 

Propane 
Sni f fe r  

Space S ta t ion  Computer 
Faci 1 i t i  es 

I n s t  

F i g .  VI-19 APS Thruster Pad Schematic 
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A raised pad allows the eight ACS motors to be oriented in 
their proper directions and still be retracted axially for sim- 
plified refurbishment. During launch, all motors would be stored 
inside the Space Station and the thruster pad would be protected 
with an aerodynamic shroud. The eight ACS motors are arranged 
into four redundant pairs to provide a roll, pitch, and yaw capa- 
bility. One pair is located on each side of the thruster pad. 
Redundancy improves reliability and always keeps one motor ready 
while its twin is being refurbished. Each ACS motor receives 
GOX via a braided Teflon flexline (Aeroquip 666) that is attached 
to a common, pad-mounted GOX hard line. The hard line is con- 
structed of seamless aluminum tubing with a 127-mm (0.5-in.) O.D. 
and a 113-mm (0,444-in.) I.D. The GOX flexline attaches to the 
TCA with a Symetrics 58560 double-poppet screw disconnect socket 
assembly. A power and instrumentation cable is attached to each 
motor. Pressure, thrust, and fuel depletion signals are fed to 
the MDS/AMCS, which directs the fire control system to terminate 
motor operation in the event of a serious malfunction. The fire 
control system supplies 28 vdc to operate the oxidizer control 
valve and the spark ignition circuit. 

The propane ignition system has been designed to maximize 
safety, ensure reliable motor operation, and minimize maintenance. 
The light hydrocarbon gases evaluated for ACS ignition are 100 to 
1000 times less toxic than typical bipropellants evaluated for 
Space Station attitude control. More important, however, the 
ignition gas makes up less than 0.2% of the ACS propellants 
(assuming a nominal 10-sec burn). 
ignition pulse requires only 1.14 gm 0.0025 lb of propane. 

The selected propane supply system uses a single 300-ml 
[176-gm (0.39 lbm)] bottle located adjacent to each thruster pad. 
Based on an average yearly total impulse of 356.188 kN-sec 
(79,945 lb -sec per pad and an estimated average burntime of 

10 sec, 300 ml of propane would provide ignition capability for 
an entire thruster pad (eight motors) for 1 yr. 

A 0.100-msec ACS motor 

( m) 

f )  



The low-pressure propane P 2, 10-33 kg/cm2 (147 psia) I vapor 
at 299'K (72'F)I will be stored in sealed replaceable tanks. A 
flexline will supply propane to each TCA using a Symetrics 4000 
1/4-in, quick disconnect. A propane sniffer will be provided in 
each APS room to monitor the concentration of propane and alert 
the crew to any serious leak. The propane bottle has a flow- 
limiting orifice that allows the crew time to shut the propane 
hand valve in case a propane quick disconnect jams during re- 
furbishment. Although no antlcipated leakage rate of propane 
could pose a safety hazard, the absolute safety requirement dic- 
tates that no single accident can cause serious injury to the 
crew or damage to the Space Station. Therefore, the situation 
of a full propane tank rupturing was investigated. Since each 
APS room occupies about 25% of the lower deck of the Space 
Station (or 5% of the entire Space Station), a ruptured propane 
bottle would suddenly dump 175 gm of propane into an APS room 
[volume = 42.3 m3 (1490 ft3)]. 
of propane to about 0.33% by volume. But the lower limit of 
flammability of propane in air is 2.4%, so the 300 ml in the pro- 
pane ignition bottle is insufficient to pose an explosion hazard. 
Furthermore, the concentration of 0.33% is within short-term 
tolerance limits and would not prevent anyone in the room from 
leaving. Even if the propane were inadvertently allowed t o  
diffuse throughout the Space Station, its concentration would 
still be within the 8-hr tolerance limit and allow sufficient 
time for decontamination, 

This would raise the concentration 

Each thruster pad can handle two spin/despin motors. A spin- 
up or despin maneuver requires three spin/despin motor firings 
to produce the required 3.110 MN-sec (698,050 lbf-sec of total 
impulse, Therefore, a minimum of one motor replacement is re- , 
quired to complete a spin/despin maneuver, The three spinldespin 
motors provided may be manipulated in various ways as discussed 
in Section 11-E, based on motor refurbishment scheduling rsquire- 
ments. These motors are located vertically in line and extend 
perpendicularly through the outer face of the thruster pad. All 
three spin/despin motors would be stored inside the Space Station 
during launch and be extended after the Space Station was in 
orbits 

1 
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Each spin/despin motor requires a vacuum-jacketed LOX line 
and an instrumentation line. 
valves (Vacco Valve Co, Model SDL-01P-403-2C) are pad-mounted to 
avoid handling during motor refurbishment. The two LOX control 
valves are connected to a distribution block by vacuum-jacketed 
hard lines, and by a common vacuum-jacketed hard line to a 
1033-kN/m2 (150-psia)', pressure-regulated oxidizer supply system. 
The LOX lines from the valves to the spin/despin motors will be 
vacuum-jacketed lines consisting of Aeroquip 666 braided Teflon 
hose and 'beryllium copper bellows. The LOX lines will terminate 
in Symetrics 47325 vacuum-jacketed socket assembly; this mates 
with a Symetrics 47320 nipple assembly that is hard-mounted to 
the forward closure of the spin/despin motors. The vacuum flex- 
lines from the socket assembly to the forward closure use a 
Symetrics 4000-1/4-in. quick disconnect. These vacuum lines are 
connected to the motor-mounted nipple assembly to prevent the 
formation o f  ice during motor operation. 

The two vacuum-jacketed LOX control 

The spinldespin motors may be fed by either LOX line. This 
feature provides redundancy and operational flexibility. Since 
the LOX valves are located upstream of the disconnect, the LOX 
line will be purged of LOX after motor shutdown. This removes 
the hazard of LOX spills during refurbishment. 

Each spin/despin motor is connected to the fire control sys- 
tem by a, power and instrumentation cable. Outputs from the 
pressure transducer, thrust transducer, and fuel depletion wires 
are sent t o  the MDS/AMC8, 
igniter and the proper  sxidizer control valve. 
signals t he  fire control system to close the oxidizer control 
valve c)r in the event of a motor malfunction at the first indi- 
cation of fuel depletion, 

Firing commands are sent to the pyrogen 
The MDS/AMCS 

H. APS MASS AND PERFORMANCE 

Althsugh the  hybrid APS was primarily designed for maximum 
safety, high  reliability, and minimum maintenance, it also 
achieves a IQW total mass, along with excellent performance. Fuel 
replenishment makes the system less sensitive to the inert mass of 
the mot.sr, Furthermore, the oxygen/(PMM/PBD) propellant system 
offers outstanding perfQrmancep even allowing for a lower 
efficiency tg provide nozzle film cooling. 
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1. APS Mass Requirements 

All APS components were designed with high factors of safety 
to ensure high reliability and minimum maintenance. 
requirements for an attitude control motor TCA are shown in 
Table V I - 6 .  With recommended maintenance, the motor case/nozzle, 
forward closure, and oxidizer flow control components [total 
mass = 10.6 kg (23.2 lb)] are capable of operating without re- 
placement for the required LO-yr life of the Space Station. The 
cartridge-loaded fuel grain 110.5 kg (23.1 lb)] provides 9.71 kg 
(21.4 lb) of usable fuel. The remaining mass is divided almost 
equally between residual fuel and the tripwire-lined phenolic 
cartridge, The total loaded mass of spares and resupply items 
is 21.0 kg (46.3 lb), which in a 0.7-g environment weighs 144 kg 
(32.4 lb ) , and can therefore be easily handled by one man, even 

The mass 

m 
under artificial At an average O/F ratio of 1.815, the 
ACS motors burn 38.9 lb of GOX with each fuel grain. 

m) 

VI-77  

Although the spinldespin motors are scaled-up (2.29:l) 
versions of the ACS motors, their size removes some of the mini- 
mum wall criteria placed on the ACS motors, This allows the 
spin/despin motors (Table VI-4) to have a mass less than 12.0 
(2.2g3) times the mass of the ACS motors contrary to what would 
be expected on the basis of a direct scaleup. 
nozzle assembly, forward closure assembly, oxidizer flow control 
(vacuum-jacketed LOX disconnect and injector assembly), and 
instrumentation have a total mass of 79.0 kg (174 lb,). 
cartridge-loaded fuel grain, which is divided into six segments, 
has a total mass of 126.4 kg (278.7 lb,). 

The motor case/ 

The 

Since no single seg- 

ment has a mass larger than 22.7 kg (50 lb , which corresponds m 
to 156 N 35 lb in a 0.7-g environment, the fuel segments can ( f) 
be handled by one man, The igniter assembly is installed around 
the injector during refurbishment and has a mass of 0.23 kg 
(0.5 lb,)" The loaded motor has a mass of 205.7 kg 453.5 lbm . 
The refurbishment dolly is used to transport the spin/despin 

( 
motor between the thruster and the work table. Each spin/ 
despin motor burns 213.7 kg of LOX with 116.5 kg 

(256, lb ) of useful fuel, for a total propellant mass of m 
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kg 

5.32 
3.82 
1.41 

10.6 
0.38 
9.71 
0.37 

10.5 
21.0 

17.63 
9.71 

27.3 
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l b m  
11.72 
8.42 
3.10 

23.2 
0.83 

21.42 
0.81 

23.1 
46.3 

38.87 
21,42 
60.3 

Table VI-6 Attitude Control Motor TCA Mass Summary 

COMPONENT 

Motor Case/Nozzle 
Forward C1 osure 
Oxidizer Flow Control * Instrumentation 

Reusable TCA Mass 
Phenolic Fuel Cartridge 
Useful Hybrid Fuel 
Residual Hybrid Fuel 

Expended TCA Mass 
Loaded Motor Mass 

Useful Propellant Mass 
Oxidizer 
Useful Fuel 

TOTAL PROPELLANT MASS 

A hybr id  AF'S can s a t i s f y  a l l  AF'S miss ion  o b j e c t i v e s  wi th  a 
low t o t a l  system m a s s .  The t o t a l  m a s s  r equ i r ed  f o r  t h e  ACS 
motors w a s  combined w i t h  t h a t  r equ i r ed  f o r  t h e  s p i n / d e s p i n  
motors t o  show t o t a l  APS mass r equ i r ed  (Table VI-7). Since  t h e  
des ign  of t h e  Space S t a t i o n  s h e l l  w a s  no t  a v a i l a b l e ,  t h e r e  w a s  
no way t o  c a l c u l a t e  t h e  m a s s  increment a t t r i b u t a b l e  t o  t h e  
r a i s e d  APS t h r u s t e r  pads.  Furthermore,  t h e s e  r a i s e d  pads reduce 
t h e  APS space  requi rements ,  and t h e r e f o r e  reduce t h e  e f f e c t i v e  
mass a t t r i b u t a b l e  t o  t h e  APS. The mass of t h e  APS refurb ishment  
t a b l e ,  a d m i n i s t r a t i v e  work area, and s t o r a g e  c a b i n e t s  w a s  no t  
inc luded  s i n c e  t h e s e  f a c i l i t i e s  could be used f o r  o t h e r  Space 
S t a t i o n  a c t i v i t i e s ;  t h e  p o r t i o n  of t h e i r  mass a t t r i b u t a b l e  t o  
t h e  APS would be  determined later.  

The ACS (Table VI-7) r e q u i r e s  a t o t a l  mass ( inc lud ing  pro- 
p e l l a n t )  of 2643 kg 5844 l b  t o  d e l i v e r  7.12 M N - s e c  1 ,598,890 

l b  -sec of t o t a l  impulse.  The primary ACS, c o n s i s t i n g  of 16 

TCAs,  oxygen and i g n i t i o n  l i n e s ,  and two complete refurbishment  
assembl ies ,  has  a mass of 232 kg 510 l b  Spares  and scheduled 

resupply  adds ano the r  21 kg 45 l b  , f o r  a t o t a l  ACS i n e r t  mass 

of 253 kg (555 l b  ). 
a l lowing  f o r  a 50% f u e l  r e s e r v e  a t  t h e  end of 10 y r .  The t o t a l  
expended mass of t h e  ACS, inc lud ing  f u e l ,  GOX, and propane 
b o t t l e s ,  i s  2390 kg (5289 l b  ). m 

( m 1 ( 

( m  ) 

f 1 

( m )  
Ninety f u e l  g r a i n s  have been provided,  m 
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Table VI-7 APS Vass Summary 

VI-79 

COMPONENT 

ATTITUDE CONTROL SYSTEM 
nert  Mass 

Primary System 
Thrust Chamber Assemblies 
Motor Refurbishment Tubes 
S1 i d i n g  Door Assembl i es 
Motor Replacement Caps (Used for  Launch) 
GOX Lines & Disconnects 
Propane Supply Systems 

Spares & Scheduled Resupply 
Motor Case/Nozzle Assemblies 
Forward Closure Assembly 
Oxidizer Control Valves 
Spark Ignition & Fluidic Circuits 
Miscellaneous (Spark Pluqs, Seals,  Pins 

Electrical  P lugs ,  e t c )  
To ta l  ACS Inert  Mass 

xpended Mass fo r  IO-yr Requirements 
Fuel Grain Assemblies* 
Propane Ignition Bottles (1 Spare) 
GOX 

Total Expended Mass 
TOTAL ACS MASS 

SPIN/DESPIN SYSTEM 
ner t  Mass 

Thrust Chamber Assemblies 
Motor Refurbishment Tube & Dolly 
Sliding Door Assemblies 
Motor Replacement Caps (Used fo r  Launch & a f t e r  18 Months) 
Vacuum-Jacketed LOX Lines & Valves 
Miscellaneous Spares (Seals, Pins, Plugs) 

Total Spin/Despin Inert  Mass 
lxidizer Feed Assembly 

Propellant Tankage Assemblies 
Pressure Control Assembly 
Resupply 

Total OFA Inert  Mass 
.xpended Mass fo r  18-Month Spin/Despin Requirements 

Fuel Grain Assemblies (1 Spare) 
Igniter Assemblies (2 Spare) 
LOX 

Total Expended Mass 
TOTAL SPIN/DESPIN SYSTEM MASS 

.otal APS Iner t  Mass 
-otal APS Expended Mass 
‘otal APS Mass 
;Includes allowance f o r  50% fuel reserve a t  the end of 10 years.  

QUANTITY 

16 
2 
2 

16 
16 
2 

2 
1 
2 
2 

90 
21 

3 
1 
4 
4 
4 

31  
32 

168 
17 
13 
22 

7 
5 

10 
4 
1 
1 
5 

253 

943 
9 

1,448 
2,390 
2,643 

237 
118 
181 

23 
9 
7 

575 

38.8 
17.1 
31.7 
87.6 

3,920 
7 

6,382 
10,309 
10,884 

914.6 
12,700 
14,441.6 

l b m  

371 
38 
28 
48 
15 
10 

23 
8 
2 
2 

10 

555 

2,080 
19 

3,190 
5,289 
5,844 

522 
260 
400 

50 
20 
15 

1,267 

85.72 
37.68 
70 

193.40 

8,640 
16 

14,067 
22,723 
23,990 

2,015 
28,812 
30,827.4 

.Does not include ine r t  mass of oxidizer feed system or th rus te r  pad s t ruc ture ,  
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The spin/despin system (Table VI-8) requires a total mass 
(including propellant) of 10,884 kg 23,990 lb to deliver 

31.1 MN-sec 6,980,000 lb -sec of total impulse. The spin/ 

despin system includes three TCAs, four door assemblies, and one 
refurbishment tube and dolly assembly, along with lines, valves, 
motor caps, and miscellaneous spares. Its total inert mass is 
575 kg 1267 lb e This can be returned to earth after 18 months 
when the spin/despin system is no longer needed. Thirty-one fuel 
grains have been provided to accomplish the 30 spin/despin motor 
firings, The total expended mass of the spin/despin system, in- 
cluding fuel, LOX, and igniters, is 10,309 kg 

( m) 
( f 1 

( m) 

22,723 lbm . ( 1 
The combined ACS-spin/despin APS has a mass of 14,442 kg 

(30,827 lb 

(8,509,590 lbf-sec . As a figure of merit, the equivalent 

specific impulse (total impulse/total system mass) for the system 

and the total inert mass is 915 kg (2015 lb ). 

and provides a total impulse of 38.0 MN-sec 

) 
m ) 

i s  278 sec. The total. expended mass is 12,700 kg 

m 

Table VI-8 Spin/Despin TCA Mass Summary 
1 

COM PON E NT 

Motor Case/Nozzl e 
Forward C1 osure 
Oxidizer Flow Control & 
Instrumentation 

Reusable TCA Mass 
Phenolic Fuel Cartridge 
Igni te r  (Cartridge & Propellant)  
Useful Hybrid Fuel 
Residual Hybrid Fuel 

Expended TCA Mass 
Loaded Motor Mass 

Useful Propel 1 an t  Mass 
Oxidizer 
Fuel 

TOTAL PROPELLANT MASS 

MASS 

45.4 
24.0 

0.6 
79.0 

5.0 
0.2 

116.5 
4.9 

126 6 
206 

212.7 

116,5 
329.2 

100 
53 

1.3 
174 
11 

0,5 
256 9 

10.8 
279.2 

454 

468.9 

256.9 
725.8 
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2. APS Performance 

VI-81 

The selection of an oxygen/(PMM/PBD) propellant system 
allows the hybrid APS to achieve exceptionally high performance. 
The theoretical propellant performance at a chamber pressure of 
551 kN/m2 (80 psia) and a nozzle expansion ratio of 100 is shown 
in Fig. VI-20; the maximum theoretical specific impulse is 369 
sec at an O/F ratio of 2.2. To achieve long nozz le  life, an O/F 
ratio of 2 .0  was selected for nominal motor operation. Table V I - 9  
shows the computer-calculated theoretical propellant performance 
at an O/F ratio of 2.0;  the theoretical vacuum specific impulse 
is 367,5 sec at an expansion ratio of 100. Table VI-9 also shows 
the thermochemical analysis of the propellant combustion products. 
The combustion products are entirely gaseous both in the chamber 
and in the exhaust. The four primary exhaust species (99.9+%) 
are, in moles/100 gm (0.22 lb): CO, 1.343;  C O 2 ,  0.962; H 2 ,  0.711; 
and H20, 1,034.  

The ACS and spin/despin motor designs used conservative 
efficiencies and the results of motor tests to establish pre- 
dicted performance and motor ballistic characteristics. A 
specific impulse efficiency of 90% was used for both the ACS and 
spinldespin motors to allow for nozzle film cooling, 
summaries for the ACS and spin/despin motors are shown in 
Table VI-10. 
of the ACS motor, the two systems only differ with respect to 
thrust, duration, and total impulse. 

Performance 

Since the spinldespin motor is a scaled-up version 

The ACS motor-delivered vacuum specific impulse and oxidizer/ 
fuel ratio are shown as functions of time in Fig. VI-21. The 
motor O/F ratio -- initially 2.08 -- is allowed to decrease dur- 
ing motor operation to insure adequate film cooling as the aft 
end of the fuel grain moves forward. Although this reduces the 
motor O/F ratio to a minimum value of 1.68 at 350 sec, the pro- 
pellant flow increases by less than 8%. The delivered specific 
impulse is reduced from an initial value of 332 sec to 320 sec 
near web burnout, The slight variations in propellant flow and 
specific impulse tend to compensate to produce a nearly neutral 
thrust trace, A s  shown in Fig. VI-22, the thrust increases from 
220 N 4 9 , 4  lbf) to a minimum of 229 N 5 1 , 3  lbf) at 350 sec. 

The chamber pressure varies slightly more than the thrust due to 
an increase in the characteristic exhaust velocity at lower O/F 
ratios (maximum c* occurs at an O/F ratio of 1.70); the chamber 
pressure varies from an initial value of 530 kN/m2 (77 psia) to 
576 kN/m2 (84 psia) at 350 sec. 

( ( 
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F ig .  VI-20 Theoretical APS Propellant Performance of GOX/ 
(20% PMM-80% PBD) at Pc = 551 kN/m2 (80 psia) 
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Table VI-9 GOX/(PMM/PBO) Propellant Performance a t  O/F 

PARAMETER 

\rea Ratio 
lptimum Isp ( sec)  
/acuum Isp ( sec)  

:* (m/sec) 
:* ( f t / s ec )  
delocity (m/sec) 
k l o c i  ty ( f t / s ec )  
k n s i  ty (gm/cc) 
lensi ty  ( 1 b / i n .  3, 
'ressure (kN/m2) 
'ressure (ps ia )  
Temperature ("K) 
Temperature ( O F )  

i ea t  Capacity (cal/"K/gm) 
iea t  Capacity (Btu/"F/lb) 
i n  thalpy (kcal/gm) 
inthalpy (Btu/lb) 
Intropy (cal/"K/gm) 
Entropy ( 8  tu/"F/l b) 
Voles o f  Gas/100 gm (0.44 l b  

G 
G 
G 
G 
G 
G 
G 
G 
G 
G 
G 
G 
G 
G 
G 
G 
G 
G 
G 
G 
G 
G 
G 
G 
G 
G 
S 

CHAMBER 

5.51576000@+02 
8.00000000@+01 
3.37568633@+03 
5.61654739@+03 
4.64677565@-01 
2.65191486@-02 
-2.38965449@-02 
-2.45477257@+00 
2.90602093@+00 
1.65846614@-01 
4.47612498@tOO 

5.37814321@-09 
1.16406715@-09 
2.13738181@-10 
5.74511924@-07 
7.04177318@-10 
1.00000000@-10 
1.80980846@+00 
4.94672105@-01 
1.00000000@-10 
1.00000000@-10 
1.00000000@-10 
1.00000000@-10 

4.4158379713-10 
1.00000000@-10 
1.00000000@-10 
1.00000000@-10 
1.00000000@-10 
2.73599243@-01 
2.14722531@-04 
7.12479814@-05 
4.71671705@-01 
1.00909299@+00 
9.58708528@-06 
8.752414916-02 
2.54925419@-01 
7.45347715@-02 
0.00000000@+00 

THROAT 

1.00000000@+00 
1.17611470@+02 
2.22004099@+02 

1.76701809@+03 
5.79729203@+03 
1.15337505@+03 
3.78403144@+03 
2.70643906@-04 
9.77836432@-06 
3.19561959@+02 
4.63489287@+01 
3.22309381@+03 
5.34188086@+03 
4.62960551@-01 
2.64211586@-02 
-1.82790772@-01 
-1.87771821@+01 
2.90602093@+00 
1.65846614@-01 
4.40611357@+00 

COMBUST IO 
1.83156584@-09 
3.62144464@-10 
5.57459138@-11 
3.25454671@-07 
2.69365435@-10 
1.00000000@-10 
1.77132578@+00 
5.33234121@-01 
1.00000000@-10 
1.00000000@-10 

1.00000000@-10 
1.00000000@-10 

1.28621760@-10 
1.00000000@-10 
1.00000000@-10 
1.00000000@-10 

1.00000000@-10 
2.39184958@-01 
1.35648852@-04 
4.360753410-05 
4.61591265@-01 
1.05592073@+00 
5.66004600@-06 
6.71902917@-02 
2.15960173@-01 
6.15210051@-02 
0.00000000@+00 

E = 60 
EXHAUST [11 

6.00000000@+01 
3.44391034@+02 
3.60066775@+02 

3.37732388@+03 
1.10804371@+04 
1.54021773@-06 
5.56480666@-08 
7.99764378@-01 
1.15996980@-01 
1.54198664@+03 
2.31588795@+03 
4.17307364@-01 
2.38157313@-02 
.1.38632101@+00 
.1.42409826@+02 
2.90602092@+00 
1.65846614@-01 
4.05015030@+00 

PRODUCTS [Moles/ 
1.00000000@-10 

1.00000000@-10 
1.00000000@-10 
1.40594397@-09 
1.00000000@-10 
1.00000000@-10 
1.41422122@+00 
8.90474650@-01 
1.00000000@-10 
1.00000000@-10 
1.00000000@-10 
1.00000000@-10 
1.00000000@-10 
1.00000000@-10 
1.00000000@-10 
1.00000000@-10 

1.00000000@-10 
5.1921633%'-04 
1.37368887@-07 
1.00000000@-10 
6.39963996@-01 
1.10494200@+00 
1.00000000@-10 
2.01520965@-08 
2.90400958@-05 
1.61207634@-08 
0.00000000@+00 

V I - 8 3  

2.0, Pc = 551 kN/m2 (80 psia) 

E = 80 
EXHAUST [21 

8.00000000@+01 
3.49970002@+02 
3.64396581@+02 

3.43203488@+03 
1.12599348@+04 
1.13691252@-06 
4.10766493@-08 
5.52024820@-01 
8.00650964@-02 
1.44195274@+03 
2.13582693@+03 
4.13103508@-01 
2.35758172@-02 
1.43081978@+00 
1.46980962@+02 
2.90602093@+00 
1.65846614@-01 
4.04997497@+00 

0 gm (0.22 l b )  
1.00000000@-10 
1.00000000@-10 
1.00000000@-10 
1.06645991@-09 
1.00000000@-10 
1,00000000@-10 
1.37584567@+00 
9.28850284@-01 
1.00000000@-10 
1.00000000@-10 
1.00000000@-10 
1.00000000@-10 
1.00000000@-10 
1.00000000@-10 

1.00000000@-10 
1.00000000@-10 
1.00000000@-10 
1.90680329@-04 
6.834443966-08 
1.00000000@-10 
6.78492820@-01 
1.06658855@+00 
1.00000000@-10 
1.732103958-09 
6.89253798@-06 
1.28732298@-09 
0.00000000@+00 

E = 100 
EXHAUST [31 

1.00000000@+02 
3.53973127@+02 
3.67517954@+02 

3.47129216@+03 
1.13887314@+04 
8.992437750-07 
3.24896776@-08 
4.14528086@-01 
6.01372193@-02 
1.36932567@+03 
2.00509821@+03 
4.10008238@-01 
2.33991701@-02 
.1.46318998@+00 
.1.50306191@+02 
2,90602093@+00 
1.658466140-01 
4.04991900@+00 

1.00000000@-10 
1.00000000@-10 
1.00000000@-10 
8.63745857@-10 
1.00000000@-10 
1.00000000@-10 
1.34314573@+00 
9.61550262@-01 
1.00000000@-10 
1.00000000@-10 
1.00000000@-10 
1.00000000@-10 
1.00000000@-10 
1.00000000@-10 

1.00000000@-10 
1.00000000@-10 
1.00000000@-10 
8.34840627@-05 
3.887460640-08 
1.00000000@-10 
7.11244026@-01 
1.03389335@+00 
1.00000000@-10 
2.15604595@-10 
2.10670881@-06 
1.43014514@-10 
0.00000000@+00 

Ingredients Weiqht Percentaqe Elements gm-Atoms 
0090 Polymethyl Methacrylate 6.67 C 2.30469577@+00 
0096 Polybutadiene 26.66 H 3.49036033@+00 
0189 Oxygen, Gas 66.67 0 4.30014173@+00 

Propellant Density ( lb / in .  3,  5.41638971@-05 
Propellant Density (gm/cc) 1.49913914@-03 

1 b-Atoms 
5.08093229@-03 
7.69484838@-03 
9.48009246@-03 

EXHAUST [ O ]  

0.00000000@+00 
0.00000000@+00 
0.00000000@t00 

0.00000000@+00 

0.00000000@+00 
0.00000000@+00 
0 .oooooooo@+oo 
0.00000000@+00 
0.00000000@+00 
0.00000000@+00 
0.00000000@+00 
0.00000000@+00 
0.00000000@+00 

0.00000000@+00 
0.00000000@+00 

0.00000000@+00 
0.00000000@+00 

0.00000000@+00 

0.00000000@+00 

0.00000000@+00 
0.00000000@+00 
0.00000000@+00 

0.00000000@+00 
0.00000000@+00 

0.00000000@+00 
0 .00000000@+00 
0.00000000@+00 
0.00000000@+00 
0.00000000@+00 
0.00000000@+00 
0.00000000@+00 
0.00000000@+00 
0.00000000@+00 

0.00000000@+00 

0.00000000@+00 
0.00000000@+00 
0.00000000@+00 
0.00000000@+00 
0 .00000000@+00 

0.00000000@+00 
0.00000000@+00 
0.00000000@+00 
0.00000000@+00 
0.00000000@+00 
0.00000000@+00 
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Table VI-10 APS Motor Performance Summary 

I PARAM ET ER 
Propel 1 an ts  

Average Motor O/F R a t i o  
Average Motor Chamber Pressure, 
kN/m2 ( p s i a ]  

Nozzle Expansion R p t i o  

Average Thrus t ,  N l b  

To ta l  Impulse, kN-sec 1 bf-sec 

Dura t ion  (sec) 

( f )  

( 1 

~ ~~~ 

ACS MOTORS 
GOX/ (20%PMM-80%PBD) 

1.815 
558 (81) 

100 
225 (50.5) 

86.63 (19,480) 

386 

SPIN/DESPIN MOTORS I 
-OX/ (20% PMM-83% PBD) 

1,815 
558 (81) 

100 
1170 (263) 

1039 (233,675) 

888 I 
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Since the spinldespin motors use the same fuel geometry, 
have the same oxidizer mass flux vs percent web, and operate at 
the same pressure as the ACS motors, both motors have nearly 
identical ballistic characteristics. 

The spin/despin motor O/F ratio and specific impulse curves 
shown in Fig. VI-23 and VI-24 follow the same pattern as those 
for the ACS motors, except the burntime of the spin/despin motors 
(888 sec) is 2.29 times (scaleup factor) longer than that for 
the ACS motors. The spin/despin motor propellant flowrate is 
5 . 2 4  times (scaleup factor squared) the flowrate of the ACS 
motors; therefore, the spin/despin thrust is 5.24 times the ACS 
motor thrust at the same web fraction. Since the throat area of 
the spinldespin motor is 5 . 2 4  times the throat area of the ACS 
motor, the values of chamber pressure for the two motors are 
identical at the same percent web (Fig. VI-25). 

I. APS SAFETY A N D  RELIABILITY 

Throughout the system design phase, a concentrated effort was 
directed at improving the reliability of the hybrid APS. However, 
the highest reliability system is not a priori the safest system. 
The failure mode analysis performed in Task I1 was reviewed and 
primary emphasis was placed on removing any failure modes that 
posed a safety hazard to the crew. Concurrently, an effort was 
made to achieve the highest reliability through maintenance and 
design redundancy, 

1. APS R e l i a b i l i t y  

Tnflight maintenance is required f o r  a hybrid ACS to achieve 
high reliability €or a 10-yr operating life, 
and improved Component reliability will not be sufficient to en- 
sure successful operation without periodic maintenance. The ACS 
have bean sized to provide 86,790 N-sec (19,480 lbf-sec of total 

impulse between grain changes. Based on current ACS impulse re- 
quirements, the average ACS motor will be refurbished once every 
2 yr* A t  this time both sets of redundant motor seals will be 
replaced and all motor components will be thoroughly inspected 
t o  en6ure continued reliable operation. 
trend-analyzed to detect impending failures, 
I s  t ending  toward out-of-specification performance will be 
replaced. 

Component redundancy 

1 

Motor operation will be 
Any component that 
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Redundancy and overdesign significantly improves APS relia- 
The spinfdespin motors have redundant oxidizer valves, bility, 

oxidizer supply lines, and motor mounting locations. Further- 
more, the spin/despin system uses three motors, although in an 
emergency a single motor could complete the maneuvers. Due to 
the low operating chamber pressure, the motor cases were designed 
for several times the motor MEOP; this did not significantly 
increase system weight. All motors use single-piece motor case 
and nozzle assemblies with a single pinned motor case joint 
having very high reliability, All fuel grains are cast in trip 
wire-lined phenolic cartridges. Although the trip wires provide 
a fail-safe indication of fuel depletion and will signal shut- 
down, the phenolic cartridge ensures that the forward closure 
and motor case flange will never be exposed to the combustion 
gases. The ACS motors are arranged in two redundant sets of four 
on each pad to provide redundancy for all ACS maneuvers, Each 
set is connected to a redundant shutdown valve that terminates 
thrust in case the TCA oxidizer valve fails to open. 

Hybrid operation significantly improves the reliability of 
the APS. Because the hybrid APS uses a solid fuel and a liquid 
oxidizer, there are no failure modes associated with mixing pro- 
pellants together at the wrong time, in the wrong places, or in 
the wrong quantity, Furthermore, the selected propellants are 
completely nontoxic and nonhypergolic. And because hybrid com- 
bustion is a convective heat transfer process, it is insensitive 
to grain imperfections and chamber pressure variations. The 
selected design uses a very low chamber pressure, which increases 
the reliability of the entire system. Hybrid motors can use 
long-duration igniters to ensure successful ignition without; 
overpressurizing the motor. 

A complete reliability study was conducted on the ACS motors, 
the spin/despin motors, and the OFA. This study used failure 
rate data from the following four sources: 

tems Analysis Evaluation Unit; 

st i idy o f  Space S ta t ion  Propulsion System Resupply and 
Repair, Final Report. MCR-70-150. Martin Marietta 
Corporation, Denver, Colorado; 

3)  UTC Hybrid Experience, Tes t  Data. United Technology 
Center, West Palm Beach, Florida; 

41 Average of typical aerospace components, vendor 
data. 

1) Failure Rate Data Handbook. U S N  Fleet Missiles Sys- 

2) 
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The following basic assumptions were used: 

The duration of the mission is 10 yr, However, all 
spin/despin maneuvers will be completed in the first 
18  months; 

Multiple malfunctions are statistically improbable; 

No single instrumentation failure can prevent either 
the ACS motors or the spin/despin motors from com- 
pleting a given burn; 

No damage occurs to the motors or resupplied parts 
due to ground handling or launch; 

Infant mortality has been eliminated through pre- 
launch testing and checkout; 
Maintenance is performed at the recommended inter- 
vals. A l l  components are properly checked and 
functioning correctly before reinstallation, No 
failures occur as a result of improperly performed 
maintenance, 

The reliability analysis showed that the ACS motors, the 
spinldespia motors, and the OFA achieve high reliability for 
their rcquired operating lives. The reliability of the hybrid APS 
is c'nawn in Table V I - 1 1 .  A single ACS motor operating for 10 yr 
and delivering l / l 6 t h  af the total ACS impulse has a reliability 
o f  0.9645,  Using pairs of motors increases the reliability of a 
single pair t o  0.9969,  The reliability of a single thruster pad 
(eight motors) is 0,9872, and the reliability of the total ACS 
(16 motors) is 0.9745,  Without redundancy, the reliability of 
the OFA is 0.8791,  Redundancy increases this to 0.9924.  This 
results in a, total ACS reliability (motors plus OFA) of 0 . 9 7 .  
Note that these reliabilities are based on normal operation, and 
therefore do not include additional redundancies inherent in the 
present design,  For example, a r~llup maneuver requires firing 
one motor 04 eaeb thruster pad to create pure rolling motion 
(no pitching Qr translation), However, should three of the four 
I ~ Q ~ L L I B  mscors be inoperative, the remaining motor could be used 
w i t h  the pitch motors to create rolling motion and translation. 
The small translational velocity imparted to the Space Station 
would have a negligible effect: on the orbit. 
instrumentation bas a reliability of 0,9988 per pair of motors 
and 0,9906 for the entire system. The use of thrust, pressure, 
and fuel depletion indicators in the ACS motors provides redun- 
dapcy in measuring motor operating conditions. 

The ACS motor 
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Tab le  VI-11 Hybrid APS R e l i a b i l i t y  Summary 

VI-93 

SYSTEM 
A t t i t u d e  Cont ro l  System 

S i n g l e  ACS Motor 
Redundant P a i r  o f  ACS Motors 
S i n g l e  ACS Pad ( E i g h t  Motors) 
Complete ACS (16 Motors) 
ACS I n s t r u m e n t a t i o n ,  One Motor 
ACS I n s t r u m e n t a t i o n ,  One P a i r  
ACS I n s t r u m e n t a t i o n ,  16 Motors 

Si  ngl e Spi n/Despi n Motor 
Three Redundant Spi n/Despi n Motors 
Spin/Despin I n s t r u m e n t a t i o n ,  One 
Motor 
Three Redundant Spi n/Despi n 
Motors 

Qxi d i  zer Feed System 
Si ngl g Oxi d i  zer Feed Modul e 
QFA, Two Modules 
Compl e t e  Oxi d i  zer Feed System 

Spin/Despi n System 

10-YR RELIABILITY 

0.9445 
0 a 9969 
0.9872 
0.9745 
0.9655 
0.9988 
0.9906 

0.9913 
0.9999 
0.9947 

>0.9999 

0,8791 
0.9924 

> 0.999 

Three-motor redundancy on the spin/despin system provides 
exceptionally high reliability. The conbination of a relatively 
Bhort miesim time (18 months), coupled with relatively frequent 

mators t o  achieve an individual motor reliability of 0.9913.  
However, using three spinldespin motors and providing each 
thruster gad with redundant LOX lines increases the reliability 
o f  t he  spln/despin system t o  0 , 9 9 9 9 .  The instrumentation for a 
single spin/despin motor bas a reliability of 0,9947 and the 
reliability f o r  three redundant motors is greater than 0.9999.  

t (at least every 3 months), allows the spin/despin 
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2 .  Safety  

Safety and reliability are the two leading factors in Space 
Station component design because of three operational consider- 
ations : 

1) The Space Station is man-operated; 

2) 

3)  It has a 10-yr operational life. 
It must operate in a space environment; 

The selected hybrid APS provides certain inherent safety 
features such as: 

1) Inert fuel grain; 

2) Nontoxic oxidizer (oxygen) ; 

3) Burning is always downstream of the oxidizer 

4 )  Low operational chamber pressure; 

5 )  Positive motor termination, 

injector; 

Throughout the baseline APS destgn, these and other design 
features were incorporated to provide a completely safe operation. 
These safety features have been discussed in various sections 
throughout the study and are summarized in Table V I - 1 2 ,  
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An e v a l u a t i o n  w a s  performed t o  i d e n t i f y  and assess a l l  t h e  
demands p laced  on t h e  Space S t a t i o n  systems by t h e  hybr id  A P S .  
The hybrid p r o p u l s i o n  o p e r a t i o n s  area w a s  designed t o  s a t i s f y  
a l l  A P S  maintenance and o p e r a t i o n  requirements .  A P S  equipment 
requirements ,  i n c l u d i n g  t h o s e  f o r  motor hardware,  p r o p e l l a n t ,  
s p a r e s ,  and refurbishment  equipment, w e r e  determined and d i s -  
cussed.  Propuls ion  system maintenance procedures  are  presented .  
The crew t i m e  r e q u i r e d  t o  o p e r a t e  and main ta in  t h e  APS was eval- 
u a t e d ,  F i n a l l y ,  t h e  resupply  and APS s t o r a g e  requirements  w e r e  
eva lua ted .  

A. APS OPERATIONS A N D  REFURBISHMENT ROOM 

The two A P S  rooms shown i n  F i g .  V L I - 1  p rovide  t h e  space and 
f a c i l i t i e s  r e q u i r e d  t o  perform a l l  maintenance, r e p a i r ,  s p a r e s  
s t o r a g e ,  and a d m i n i s t r a t i v e  f u n c t i o n s  r e q u i r e d  f o r  t h e  A P S .  The 
maintenance and r e p a i r  f a c i l i t i e s  r e q u i r e d  f o r  t h e  APS can a l s o  
b e  used t o  service o t h e r  systems onboard t h e  Space S t a t i o n .  Due 
t o  t h e  s a f e t y  of  t h e  hybr id  A P S ,  s e r v i c i n g  of o t h e r  equipment i n  
t h e  A P S  rooms can b e  scheduled c o n c u r r e n t l y  wi th  A P S  o p e r a t i o n s .  
Although t h e  s i z e  of t h e  A P S  rooms w a s  minimized t o  reduce t h e  
impact of t h e  A P S  on t h e  Space S t a t i o n ,  t h e  s t o r a g e  c a p a b i l i t y  of 
t h e  A P S  room exceeds t h e  needs of  t h e  A P S ,  and can a l s o  b e  used 
f o r  o t h e r  Space S t a t i o n  subsystems. 

The two A P S  rooms are on t h e  bottom deck of t h e  Space S t a t i o n .  
Each room occupies  about 20 .9  m2 ( 2 2 5  f t 2 ) ,  o r  approximately 1 / 4  
of the lower deck. I n  a d d i t i o n  t o  t h e  A P S  rooms, t h e  lower deck 
c o n t a i n s  two docking p o r t s  w i t h  1.52-m (5 .0 - f t )  passageways lead- 
i n g  t o  a 3.00-m (10.0-ft)  diameter  c e n t r a l  t r a n s i t  and u t i l i t y  
c o r e .  There i s  a l s o  space f o r  two a d d i t i o n a l  rooms, each w i t h  
about 1 2  m2 (130 f t 2 )  of f l o o r  space;  t h e s e  rooms are n o t  r e q u i r e d  
f o r  t h e  A P S  and may b e  used f o r  scorage ,  l a b o r a t o r i e s ,  o r  o t h e r  
Space S t a t i o n  a c t i v i t i e s ,  S l i d i n g  p r e s s u r e  doors  are provided t o  
i s o l a t e  each room from t h e  c e n t r a l  t r a n s i t  and u t i l i t y  co re .  
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The APS rooms are designed around t h e  t h r u s t e r  pads and t h e  
p ropu l s ion  re furb ishment  work t a b l e .  
are t r a n s p o r t e d  on a re furb ishment  d o l l y  from t h e  t h r u s t e r  pad t o  
t h e  re furb ishment  t a b l e .  
t h a t  ho ld  i t  i n  p l a c e  du r ing  p e r i o d s  of we igh t l e s sness .  
extend between t h e  two APS rooms t o  t r a n s p o r t  t h e  sp in /desp in  motors 
from t h e  spinup pad on one s i d e  of t h e  Space S t a t i o n  t o  t h e  desp in  
pad on t h e  o t h e r  s i d e .  P resen t  p l a n s  ca l l  f o r  f i v e  sp in /desp in  
maneuvers dur ing  t h e  f i r s t  18 months. Following t h e s e  maneuvers, 
t h e  sp in /desp in  motors ,  t h e  o x i d i z e r  feed  system i n  t h e  cargo 
module, t h e  re furb ishment  d o l l y ,  and a11 s p a r e s  and r e l a t e d  hard- 
ware may be  r e t u r n e d  t o  e a r t h .  The onboard s t o r a g e  space  may 
then  b e  a l l o c a t e d  t o  o t h e r  experiments .  
can b e  c a r r i e d  from t h e  t h r u s t e r  pad t o  t h e  work t a b l e  by one man 

The l a r g e  sp in /desp in  motors 

The d o l l y  r i d e s  a long  t r a c k s  i n  t h e  f l o o r  
The t r a c k s  

The s p i n / d e s p i n  motors 

s i n c e  they  only  weigh 14.4 kg lbm) under 0.7-g cond i t ions .  

The refurbishment  work t a b l e  is  t h e  primary APS maintenance 
and r e p a i r  s t a t i o n .  This  i s l a n d  work t a b l e  s t a n d s  0 . 9 1  m ( 3 6  i n . )  
above t h e  f l o o r  and i s  a c c e s s i b l e  from a11 s i d e s .  
space  underneath t h e  work t a b l e  ho lds  spare  and replacement p a r t s ,  
replacement f u e l  g r a i n s ,  and re furb ishment  equipment. Var i ab le  
i n t e n s i t y  l i g h t i n g  over  t h e  work bench can provide  up t o  200 f t - c  
of i l l u m i n a t i o n  f o r  f i n e  i n s p e c t i o n  t a s k s .  The work t a b l e  has 
two sets of r eces sed  c r a d l e s  t o  suppor t  t h e  ACS motors and t h e  
sp in /desp in  motors.  It a l s o  has  s t r a p s  t o  hold  t h e  motors and 
t h e  o x i d i z e r  tanks  i n  p l a c e  du r ing  re furb ishment .  The work bench 
has  a compressed a i r  sou rce  and a p r e s s u r e  gage f o r  motor l e a k  
tests. This work bench a c t s  as t h e  c e n t r a l  r e c e i v i n g  and inspec-  
t i o n  s t a t i o n  f o r  a l l  A P S  s p a r e  and replacement p a r t s  s e n t  from 
earth. Following approval ,  a l l  p a r t s  are s t o r e d  f o r  la ter  use .  
The cab ine t  nex t  t o  t h e  work t a b l e  ho lds  f u e l  g r a i n s  and s p a r e  
p a r t s  t h a t  w i l l  n o t  f i t  under t h e  work bench. 

The s t o r a g e  

The c a b i n e t s  housing t h e  OFA have s h e l v e s  a t  t h e  bottom t o  
hold  s p a r e s  and t h e  f l u i d  removal and decontaminat ion t o o l .  

An a d m i n i s t r a t i v e  area i s  l o c a t e d  convenient  t o  t h e  t h r u s t e r  
pad, OFA, and t h e  re furb ishment  work t a b l e .  The a d m i n i s t r a t i v e  
area con ta ins  a s t anda rd  five-drawer f i l e ,  a desk,  and a c h a i r .  
The desk i s  76 cm (30 i n . )  o f f  t h e  f l o o r ,  56 c m  (22 i n . )  deep, 
and 120 em (40 i n . )  wide.  A l l  service and r e p a i r  manuals, in -  
ventory  r eco rds ,  and maintenance r e p o r t s  w i l l  b e  kep t  i n  t h e  
a d m i n i s t r a t i v e  f i l e s .  The a d m i n i s t r a t i v e  desk could serve as a 
s e a t e d  work bench.  The re fo re ,  i t  w i l l  b e  provided wi th  70 t o  100-c 
i l l u m i n a t i o n  f o r  a d m i n i s t r a t i v e  recordkeeping and wi th  150 t o  200-c 
i l l u m i n a t i o n  f o r  f i n e  checkout o r  r e p a i r  work, e i t h e r  on A P S  com- 
ponents  o r  o t h e r  Space S t a t i o n  hardware.  
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B . APS EQUIPMENT REQUIREMENTS 

The equipment r e q u i r e d  f o r  a hybr id  APS are presented  i n  t h i s  
s e c t i o n .  Motor components and s p a r e s  are eva lua ted  and d i v i d e d  
i n t o  equipment r e q u i r e d  a t  launch and replacement p a r t s  t o  b e  re- 
s u p p l i e d  d u r i n g  t h e  l i f e  of the Space S t a t i o n .  Refurbishment 
equipment i s  d i s c u s s e d  and conceptual  des igns  are presented  f o r  
t h e  ACS and s p i n / d e s p i n  refurbishment  c o n t a i n e r s .  
t a t i o n  system i s  eva lua ted  and computer requirements  are d iscussed .  

The instrumen- 

1. Motor Component and Spares 

S t o r a g e  space  i s  provided aboard the Space S t a t i o n  i n  t h e  re- 
furbishment  compartment ( s e e  Sec t ion  VII-A) f o r  t h e  s t o r a g e  of 
s p a r e  p a r t s  and replacement equipment. With t h e  except ion  of 
O-rings, s h e a r  p i n s ,  and f u e l  g r a i n s ,  t h e  motor replacement p a r t s  
w i l l  b e  complete modular assemblies  such as i g n i t e r s ,  f l u i d i c  as- 
semblies ,  and spark ing  assembl ies .  Replacement suppor t  equipment, 
such as v a l v e s ,  d i s c o n n e c t s ,  e lec t r ica l  c a b l e ,  seals,  and t o o l s ,  
w i l l  a l s o  b e  provided as s p a r e  p a r t s .  

An important  f e a t u r e  of t h e  proposed APS system is  t h a t  each 
component of  hardware and each designed piece of equipment was 
s e l e c t e d  w i t h  r e l i a b i l i t y  as one of t h e  important  c r i t e r i a .  Con- 
s e q u e n t l y ,  s p a r e s  have been k e p t  t o  a minimum. Tables  V I I - 1  t h r u  
VII-3 show t h e  equipment and s p a r e s  aboard t h e  Space S t a t i o n  a t  
launch.  There w i l l  b e  a t o t a l  of 2 1  S h u t t l e  resupply  f l i g h t s ,  
which means t h a t  refurbishment  and replacement p a r t s  w i l l  gen- 
e r a l l y  b e  brought  t o  t h e  Space S t a t i o n  @very 6 months. A t  l eas t  
every  2 y r ,  each O-ring and seal w i l l  be d iscarded  o r  r e p l a c e d  be- 
cause  of aging.  
f r e s h  s t o c k .  When an i t e m  i s  rep laced  QT r e f u r b i s h e d ,  t h e  o l d e r  
s tocked  i t e m  w i l l  b e  used f i r s t ;  t h u s ,  t h e  s p a r e  and reserve p a r t s  
w i l l  always b e  f r e s h .  

The s t o r e d  O-rings and aaals w i l l  b e  r e p l a c e d  w i t h  

2. OFA Components 

S t o r a g e  space  f o r  OFA s p a r e  p a r t s  and replacement equipment 
l i s t e d  i n  Table  VII-4 i s  provided onboard t h e  Space S t a t i o n .  
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Table  VII-1 APS Motor Hardware Aboard Space S t a t i o n  a t  Launch 

ITEM 
Case & Nozzle Assembly 
Fuel Grain 
0-Ri n g  (Motor) 
0-Ring (Motor-to-Pad) 
Sea l  (Motor-to-Pad) 
Shear  Pins 
P i n  S a f e t y  Band 
I g n i t e r  Assembly ( I n c l u d i n g  
I n i t i a t o r )  
Propane Bottle 
I n j e c t o r  
F1 u i  d l  cs Assembly 
Closure & S k i r t  Assembly 
Pressure Transducer  
Spark I g n i t i o n  Assembly 

E l  actrsni cs Package 
Induct1 an Coi 1 
Spark P l u g  

GOX Control Valva 

ACS MOTORS 
REQUIRED 

16 
36 
72 
72 
16 

128 
16 

6 
16 
16 
16 
32 

16 
16 
36 
16 

SPARES 
2 
0 

10 
10 

2 
12 

2 

1 
2 
2 
2 
3 

2 
2 
2 
2 

TOTAL 
18 
36 
82 
82 
18 

150 
18 

7 
18 
18 
18 
35 

1% 
18 
38 
18 

SPIN/DESPIN MOTORS 
REQUIRED 

3 
6 

12 
6 
3 

48 
3 

6 

? 

3 

3 
6 

SPARES 
-- 
1 
2 
2 

-- 
6 
1 

1 

1 

-- 
2 

TOTAL 
3 
7 

14 
8 
3 

54 
4 

7 

4 

3 
8 
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Table WII-2 Opera t iona l  Suppor t  Hardware Aboard Space S t a t i o n  a t  Launch 

ITEM 

LOX Contro l  Valve 

Backup GOX S h u t o f f  Valve 
O x i d i z e r  L i n e  Disconnect 
Ass emb 1 y 

Three-way Pressure/Vacuum 
Valve 
I n s t r u m e n t a t i o n  E l e c t r i c  
Cabl e 

I g n i t e r  Command S igna l  
Cabl e 

O x i d i z e r  Cont ro l  Valve 
Command S igna l  Cabl e 

Propane L i  ne Disconnect 
Assembly 

Vacuum L i  ne Disconnect 
Assembly 

ACS MOTORS 

REQUIRED 

4 

16 

2 

16 

16 

16 

SPARES TOTAL 

18 

3 

18 

18 

18 

SPIN/DESPIN MOTORS 

REQUIRED SPARES TOTAL 

4 
- 

4 

4 

4 

4 
- 
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Table VII-3 Tooling Aboard Space Stat ion a t  Launch 

VI 1-7 

ITEM 
Door Assembly (Refurbishment) 
Container Assembly 
( Ref urb i  s hmen t ) 
Dolly Assembly 
(Ref u r b i  s hmen t ) 
Shear P i n  Extractor 
Mi crometer Se t  
Magnifying G1 ass 
Portable High-Intensi t y  L i g h t  
Protective Covers 

Motor Port Holes (Launch) 
GOX Line 
LOX Line 
Propane Line 
Vacuum LIne 
Electr ical  Connector 

Door Assembly 
Ref urb i s hmen t Con t a i  ner 

Seals 

ACS MOTORS 
REQUIRED 

1 

1 

1 
1 
1 
1 

16 
2 

2 

2 

4 

2 

SPARE TOTAL 
2 

2 

1 
1 
1 
1 

17 
4 

4 

4 

10 
6 

SPIN/DESPIN MOTORS 
REQUIRED 

4 

1 

1 
1 

1 

4 

2 

2 
2 

8 
1 

TOTAL 
4 

1 

1 
1 

1 

5 

4 

4 

4 

10 
4 
P 
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Table VII-4 OFA Hardware Aboard Space Stat ion a t  Launch 

ITEM 
Pressurant Tank 
Burst Disc 
Check Valve (Re1 i e f )  
Pressure Transducer 
Fi l l  Valve 
Sol enoi d Three-way Val ve 
LOX Tank 
Solenoid Valve 
Quad Valve 
Heat Exchanger 
F i  1 ter  
Regul ar 

REQUIRED 
4 
8 

12 
12 
8 
6 
4 
4 
4 
4 
4 
8 

SPARES TOTAL 
4 
8 

16 
16 
10 
8 
4 
6 
6 
4 

12 
10 

3 , ~ R e  f u r m q  u i pmen t 

The ACE$ and s p i n / d e s p i n  motor system and re furb ishment  equip- 

The 
ment used aboard the  Space S t a t i o n  will ED, maintained i n  accord- 
ance w i t h  MbL-STD-470, Maintainability Program Requirements. 
equipment provided aboard t h e  Space S t a t i o n  i s  designed f o r  u s e  
by Space Statton erew~ i n  accordance w i t h  MIL-STD-1472, Human 
Engineedng Pmign Cri ter ia  f o r  MiZ<tary Systems, Equipment, and 
Faoilit4ea. 

To provide a w h i r t s l e e v e  environment i n  the re furb ishment  work 
area, a removable re furb ishment  c o n t a i n e r  concept w a s  s e l e c t e d  and 
designed f o r  ME.@ aboard the Space S t a t i o n .  The concept  makes use  
sf a dsor assembly, a c o n t a i n e r  assembly, and f o r  t h e  l a r g e r  s p i n /  
d e s p b  mst~r,  a handl ing  d o l l y .  F i g u r e  VII-2 shows t h e  door  assem- 
b l y  and container  f o r  bo th  the  ACS and s p i n l d e s p i n  motors.  

a9 - ?'he door  assembly c o n s i s t s  of a s e a l e d  
frame that a t t a c h e s  t o  t he  motor pad and a s l i d i n g  door  t h a t  seals 
the  mscor p s r t  hsle .  
t he  ACS motor@. 
t h e  refurbiehmept  p r w e o s .  
m0tQ.r m ~ u ~ l t r a  (two Qn each s i d e  of t h e  Space S t a t i o n ) ,  each s p i n /  
desp in  mgunt h a s  Its own permanentaly mounted door assembly. 

One doar  assembly i s  used i n  r e f u r b i s h i n g  
The door  assembly i s  a t t a c h e d  and removed dur ing  

Since t h e r e  are o n l y  f o u r  s p i n / d e s p i n  
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The s l i d i n g  door moves on r o l l e r s ,  e l i m i n a t i n g  a s i d e  load  
on t h e  door seal .  Notches are provided on t h e  motor pad t h a t  mate 
w i t h  t h e  door r o l l e r s  when t h e  door i s  i n  t h e  c losed  p o s i t i o n .  
Space S t a t i o n  p r e s s u r e  seats t h e  r o l l e r s  i n  t h e  notches ,  enab l ing  
t h e  door seal  t o  seat  a g a i n s t  t h e  motor pad and seal  t h e  p o r t  h o l e .  

The ACS door i s  pushed i n t o  p o s i t i o n  through a push-pull  
handle .  
and a cha in  d r i v e n  assembly. The des ign  of t h e  assembly i s  s i m -  
i l a r  t o  a c l o t h e s  l i n e :  t h e  cha in  i s  f i x e d  t o  t h e  door and passes  
around t h e  c rank  a t  one end and a p u l l e y  on t h e  o t h e r  end; as t h e  
c rank  i s  tu rned ,  t h e  door moves i n t o  p o s i t i o n .  The door r i d e s  i n  
a channel  t o  guide i t  i n  a s t r a i g h t  pa th .  

The s p i n / d e s p i n  door i s  p o s i t i o n e d  through a c o n t r o l  crank 

The door assembly a t t a c h e s  t o  t h e  motor pad through a 
r e c t a n g u l a r  b o l t  p a t t e r n  of l a t c h e s  t h a t  l ock  i n t o  p o s i t i o n .  The 
s i z e  of t h e  door assembly i s  as fo l lows:  

b .  Conta iner  Assembly - The c o n t a i n e r  assembly used w i t h  t h e  
ACS motors c o n s i s t s  of a case, an a t t a c h  r i n g ,  and a push-pul l  rod .  
The c o n t a i n e r  has  two seals -- one on i t s  s u r f a c e  t h a t  mates wi th  
t h e  door assembly, and ano the r  around t h e  push-pul l  rod.  The case 
connects  t o  t h e  door assembly through a c i r c u l a r  p a t t e r n  of l a t c h e s  
t h a t  l ock  i n t o  p o s i t i o n .  The r i n g  i s  a t t a c h e d  by e i g h t  s h e a r  p i n s  
t o  t h e  forward c l o s u r e  s k i r t  assembly. The push-pul l  rod r e t r a c t s  
o r  ex tends  t h e  motor about  t h e  c o n t a i n e r  case. A t h r e e - r a i l  t r a c k  
i n s i d e  t h e  case  ensu res  t h e  proper  o p e r a t i o n  of t h e  motor du r ing  
t h e  r e t r a c t i o n  and ex tens ion  ope ra t ion .  A pressure/vacuum gauge 
is  mounted on the  s i d e  of t he  c o n t a i n e r  t o  i n d i c a t e  t h e  p r e s s u r e  
w i t h i n  t h e  con ta ine r .  The r i n g  assembly extends 38 mm (1-1/2 i n . )  
p a s t  t h e  end of t h e  case ,  a l lowing  connect ion t o  t h e  motor forward 
c l o s u r e  

The sp in /desp in  motor c o n t a i n e r  i s  b a s i c a l l y  t h e  same as 
t h a t  f o r  t h e  ACS motor c o n t a i n e r ,  b u t  i s  l a r g e r  and has  a more 
e l a b o r a t e  r e t r a c t i o n  and ex tens ion  mechanism. The r e t r a c t i o n /  
ex tens ion  mechanism c o n s i s t s  of t h r e e  chain-dr iven b a l l  screws 
t h a t  d r i v e  a r i n g  assembly a t t ached  t o  t h e  motor forward c l o s u r e  
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by 1 6  s h e a r  p i n s .  
moves t h e  motor i n  and o u t  of  t h e  c o n t a i n e r .  The s i z e  of t h e  con- 
t a i n e r  assembly is  as fol lows:  

The hand crank  a t  t h e  bottom of t h e  c o n t a i n e r  

c .  Dolly - To f a c i l i t a t e  t h e  h a n d l i n g  of  t h e  s p i n l d e s p i n  motor 
and i t s  refurbishment  c o n t a i n e r ,  a h a n d l i n g  d o l l y  i s  provided.  
This  d o l l y  runs  w i t h i n  a t r a c k  system on t h e  f l o o r  of t h e  r e f u r -  
bishment compartment. Its l e g s  are h y d r a u l i c a l l y  opera ted ,  allow- 
i n g  t h e  d o l l y  t o  b e  r a i s e d  o r  lowered f o r  p o s i t i o n i n g  t o  t h e  motor 
pad. The c o n t a i n e r  i s  e a s i l y  l a t c h e d  t o  t h e  d o l l y .  The d o l l y  
weight 34 kg (75 l b ) .  

d. Small Hand Tools  - A t o o l  k i t ,  c o n s i s t i n g  of s m a l l  hand 
t o o l s  and i n s p e c t i o n  equipment, w i l l  b e  provided t o  f a c i l i t a t e  
disassembly,  i n s p e c t i o n ,  and assembly of t h e  ACS and s p i n l d e s p i n  
motors.  Tools p e c u l i a r  t o  t h e  ACS and s p i n l d e s p i n  motors are 
d e s c r i b e d  below e 

Pin Extraction To02 - A l l  p i n s  used i n  t h e  assembly of 
t h e  motor and t h e  refurbishment  t u b e  are i n t e r c h a n g e a b l e .  Each 
p i n  has  a s p e c i a l  h o l e  i n  i t s  head f o r  t h e  p i n  e x t r a c t i o n  t o o l ,  
The end of  t h e  t o o l  c o n t a i n s  f o u r  spr ing-loaded f i n g e r s  t h a t  ex- 
pand when t h e  t o o l  handle  i s  pumped. Once expanded, t h e  t o o l  i s  
locked t o  t h e  p i n .  The p i n  can be  i n s t a l l e d  o r  e x t r a c t e d  w i t h  t h e  
t o o l .  A release mechanism releases f i n g e r  t e n s i o n  and t h e  t o o l  
disengages from t h e  p i n ,  

Micrometer Se t  - Micrometers are  used t o  i n s p e c t  t h e  t h r o a t  
and e x i t  diameters  of  t h e  nozz le .  A l l  p i n  a t tachment  h o l e s  are 
a l s o  checked f o r  e l o n g a t i o n .  

Magnifying Glass - A magnifying g l a s s  i s  used L O  i n s p e c t  
t h e  motor case ,  nozz le ,  and c l o s u r e  f o r  c racks  and deformation.  

High-Intensity Light - A p o r t a b l e  h i g h - i n t e n s i t y  l i g h t  
w i l l  b e  used d u r i n g  v i s u a l  motor i n s p e c t i o n ,  The l i g h t  provides  
an emergency l i g h t  s o u r c e  i n  case of  a power f a i l u r e .  

Vacuum-Tube VoZtmeter - A vacuum-tube v o l t m e t e r  w i l l  be  
used t o  v e r i f y  e l ec t r i ca l  c i r c u i t s  d u r i n g  re furb ishment  and t o  
t roubleshoot  a n  e lec t r ica l  c i r c u i t  d u r i n g  a malfunct ion.  
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Protective Covers - A set of  p r o t e c t i v e  covers  i s  inc luded  
i n  t h e  t o o l , , k i t .  These covers  are used t o  seal t h e  ACS and s p i n /  
d e s p i n  motor p o r t  h o l e s  dur ing  launch.  
p r o t e c t  plumbing and e l ec t r i ca l  connectors  d u r i n g  disassembly f o r  
re furb ishment  e 

Other covers  are used t o  

4. OFA Refurbishment Equipment 

The OFA w i l l  make use  of t h e  t o o l  k i t  be ing  developed as a s t r o -  
naut  s u p p o r t  equipment under Cont rac t  NAS8-26448.* The t o o l s  com- 
p r i s i n g  t h e  i n f l i g h t  maintenance t o o l  k i t  are presented  i n  Table  
VII-5. A schemat ic  of t h e  f l u i d  removal d e v i c e  i s  shown i n  F ig .  
V I I - 3  a 

A f t e r  c a r e f u l  c o n s i d e r a t i o n  of t h e  v a r i o u s  methods a v a i l a b l e  
f o r  f l u i d  removal, a method was s e l e c t e d  t h a t  u s e s  t h e  mechanical 
f i t t i n g s  on t h e  system p l u s  complete f l u i d  removal by a hand suc- 
t i o n  pump. 
f i t t i n g ,  B,  t h e n  f i t t i n g s  A and B are backed o f f ,  
f l u i d  t o  b e  removed (by s u c t i o n )  from t h e  system a t  f i t t i n g  B,  
d i r e c t e d  i n t o  t h e  hand pump, and from t h e r e  t o  t h e  waste s t o r a g e  
t ank .  P r o v i s i o n s  are inc luded  f o r  r e f i l l i n g  t h e  system a f t e r  
component removal. This  method does r e q u i r e  t h a t  t h e  system b e  
s h u t  down and d e p r e s s u r i z e d  b e f o r e  maintenance i s  performed. 

The hand pump withdrawal  d e v i c e  i s  f i r s t  clamped t o  
a l rowing 

The leak seal  r e p a i r  k i t  i s  used t o  r e p a i r  and seal  e x t e r n a l  
leaks i n  t h e  f l u i d  systems. It i s  composed of  Grade T pr imer;  
anaerobic  adhes ive ;  s e l f - v u l c a n i z i n g  s i l i c o n  t a p e ;  Teflon t a p e .  
The l e a k  seal  r e p a i r  k i t  w i l l  have t o  b e  modif ied t o  h a n d l e  'cryo- 
gens.  

5. Instrumentation and Computer 

The r e q u i r e d  i n s t r u m e n t a t i o n  and computer f a c i l i t i e s  were de- 
s igned  t o  s a t i s f y  f o u r  pr imary o b j e c t i v e s :  

1) Promote s a f e  APS o p e r a t i o n ;  

2) Ensure miss ion  s u c c e s s ;  

3) 

4 )  Provide  minimum impact on Space S t a t i o n  a c t i v i t i e s .  

Minimize APS maintenance and i n c r e a s e  A P S  r e l i a b i l i t y ;  

* 
Modification o f  an Astronaut's Mock-up Tool K i t .  MCR-70-383 

( I s s u e s  3 and 4 ) ,  Monthly S t a t u s  Reports  f o r  November 1970 and 
December 1970, Mart in  Marietta Corpora t ion ,  Denver, Colorado, 
December 1970 and January 1971. 
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Fat 1 ed 

Hydrophobic 
Screen 

F1 exi b l  e 
Storage Tank 

Bel 1 ows 
Pump 

F i g .  VII-3 Fluid Removal Technique 

The s e l e c t e d  i n s t r u m e n t a t i o n  system f o r  each TCA uses  two 
p r e s s u r e  t r a n s d u c e r s  -- one t o  measure chamber p r e s s u r e  and one 
t o  measure t h r u s t  -- and t r i p  w i r e s  t o  s i g n a l  f u e l  d e p l e t i o n .  
These t h r e e  measurements provide  primary d e t e c t i o n  a t  a l l  opera- 
t i o n a l  motor f a i l u r e s .  A s  shown i n  Table  V I I - 6 ,  t h e r e  i s  redun- 
d a n t  d e t e c t i o n  o f  most f a i l u r e s .  

The i n s t r u m e n t a t i o n  r e q u i r e d  f o r  t h e  OFA c o n s i s t s  of f o u r  
p r e s s u r e  t r a n s d u c e r s  p e r  module. 
a l l  f a i l u r e s .  'i 'hese t r a n s d u c e r s  are l o c a t e d  downstream of t h e  
p r e s s u r a n t  tank,  downstream of t h e  LOX t ank ,  downstream of t h e  
r e g u l a t o r s ,  and downstream of t h e  v a p o r i z e r .  

These provide  f o r  d e t e c t i o n  of 

Thrus t  measurement i s  accomplished by measuring t h e  h y d r a u l i c  
p r e s s u r e  i n  a f l u i d - f i l l e d  O-ring on t h e  motor f l a n g e .  During 
s tandby o p e r a t i o n ,  t h e  p r e s s u r e  i n  t h i s  O-ring can b e  c a l i b r a t e d  
w i t h  i n t e r n a l  c a b i n  p r e s s u r e ,  which h o l d s  t h e  motors f i r m l y  i n  
p l a c e .  S i n c e  t h e  motor t h r u s t  i s  only about  10% of t h e  f o r c e  
e x e r t e d  by c a b i n  p r e s s u r e s  t h e  accuracy of t h e  t h r u s t  measurement 
i s  only about k5%, However, t h i s  i s  more than  s u f f i c i e n t  t o  pro- 
v i d e  secondary mal func t ion  d e t e c t i o n  of most f a i l u r e s ,  as w e l l  as 
primary d e t e c t i o n  of an e x i t  cone burnthrough,  which i s  one of t h e  
least probable  f a i l u r e  modes, 
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Table WII-6 Malfunction Detection 

MOTOR OPERATIONAL FAILURE MODES 
Ignit ion Fai 1 ure 
In jec tor  Fai 1 ure' 
Motor Seal 
Fuel Depl e t i  on 
Aft C1 osure Burnthrough 
Throat Erosion 
E x i t  Cone Burnthrough 
OFA Failure Modes 

Tank Leak 
Valve St icks  
F1 owrate 

DETECT1 ON ME- 
CHAMBER 
PRESSURE THRUST 

S 
S 
S 
S 
S 
S 
P 

OD* 
FUEL TRIP 

WIRES 

S 

P 

* 
P = Primary detection method; S - Secondary detection method. 

'Primari l y  on spi n/despin motors. 

A t r i p w i r e  c i r c u i t  emplanted i n  t h e  phenol ic  f u e l  c a r t r i d g e  
w a s  s e l e c t e d  as t h e  primary f u e l  d e p l e t i o n  i n d i c a t o r .  A second- 
a r y  i n d i c a t o r  i s  t h e  chamber p r e s s u r e  and t h r u s t .  These w i l l  
f a l l  o f f  s h a r p l y  5 t o  10 sec a f t e r  the t r i p w i r e  i n d i c a t e s  f u e l  
d e p l e t i o n ,  t h i s  secondary i n d i c a t i o n  i n v o l v e s  some r i s k  of damage 
t o  t h e  MoSi2 c o a t i n g ,  e s p e c i a l l y  i n  the s p i n / d e s p i n  motor. 

The B e l l  & Howell/Consolidated Electrodynamics t y p e  4-312-0001 
s t r a i n  gage p r e s s u r e  t r a n s d u c e r  w a s  s e l e c t e d  on t h e  b a s i s  of i t s  
s m a i l  s i z e ,  l i g h t  weight ,  and rugged o p e r a t i n g  c h a r a c t e r i s t i c s .  
This  t r a n s d u c e r  h a s  a 0-1034 k N / m 2  (0-150 p s i a )  p r e s s u r e  range 
w i t h  a +0.50% combined l i n e a r i t y  and h y s t e r e s i s .  
a c a l i b r a t e d  tempera ture  range of  220°K (-65'F) t o  395°K (250°F) 
w i t h  a frequency response  of 1 7  kHz (frequency response  i s  n o t  
p a r t i c u l a r l y  impor tan t  f o r  a hybr id  A P S  due t o  i t s  s t a b l e  burn- 
i n g  c h a r a c t e r i s t i c s ) .  

I t  o p e r a t e s  over  
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The conceptua l  h y b r i d  APS can achieve  h igh  r e l i a b i l i t y  and 
s a f e t y  w i t h o u t  e x t e n s i v e  computer f a c i l i t i e s .  Monitoring f o r  
maximum and minimum v a l u e s  of  chamber p r e s s u r e ,  t ank  p r e s s u r e ,  
and t h r u s t ,  a long  w i t h  a c o n t i n u i t y  check f o r  f u e l  d e p l e t i o n ,  are  
t h e  only r e q u i r e d  automatic  MDS requirements  dur ing  APS opera- 
t i o n .  Out-of-tolerance c o n d i t i o n s  would s i g n a l  a r e d  l i g h t  i f  
t h e  APS i s  under manual c o n t r o l  s i n c e  t h e r e  are no f a i l u r e  modes 
t h a t  r e q u i r e  f a s t  response  au tomat ic  shutdown. I f  automatic  f i r -  
i n g  i s  d e s i r e d ,  a more e l a b o r a t e  l o g i c  loop wi th  an APS shutdown 
a;d s w i t c h i n g  c a p a b i l i t y  would b e  needed. Automatic t r e n d  analy- 
sis i s  of  q u e s t i o n a b l e  v a l u e ,  c o n s i d e r i n g  t h e  r e l i a b i l i t y  of t h e  
p r e s e n t  system. However, automatic  s t r i p  record ings  of each burn 
would b e  u s e f u l  a t  refurbishment  t i m e  as a n  a i d  t o  motor inspec-  
t i o n .  

It might b e  w i s e  t o  u s e  a s i m p l i f i e d  form of t h e  onboard 
checkout and monitor ing system be ing  developed f o r  t h e  Space 
S h u t t l e  propuls ion  systems.* 
f o r  onboard checkout performance monitor ing,  emergency d e t e c t i o n ,  
and p o s t f l i g h t  e v a l u a t i o n .  An overview of  a p o t e n t i a l  approach 
i s  p r e s e n t e d  below. 

T h i s  s tudy  i s  evolving a n  approach 

a. P r e f l i g h t  Checkout - P r e f l i g h t  checks w i l l  be  performed 
only  t o  v e r i f y  t h a t ,  a f t e r  ground o p e r a t i o n s ,  a l l  equipment i s  
i n  t h e  c o r r e c t  c o n d i t i o n  f o r  p r o p e l l a n t  s e r v i c i n g  and f o r  s ta r t ,  
and t o  e s t a b l i s h  an a c c e p t a b l e  level  of confidence i n  instrumen- 
t a t i o n .  F u n c t i o n a l  tests w i l l  n o t  b e  conducted t o  v e r i f y  operat-  
i n g  performance p r i o r  t o  s ta r t .  This  approach assumes t h a t  fac-  
t o r y  acceptance  tests and monitor ing d u r i n g  ground s e r v i c i n g  
o p e r a t i o n s  have v e r i f i e d  performance c a p a b i l i t y  and t h a t  t h e  
i n s t r u m e n t a t i o n  h a s  been brought  t o  a c c e p t a b l e  confidence levels .  
The r a t i o n a l e  f o r  t h i s  assumption i s  t h a t  i f  equipment performed 
c o r r e c t l y  throughout i t s  l a s t  normal o p e r a t i n g  c y c l e  (without  
evidence of f a i l u r e ,  degrada t ion ,  o v e r - s t r e s s ,  o r  approach of 
end of normal l i f e t i m e ) ,  then  no s i g n i f i c a n t l y  g r e a t e r  confidence 
t h a t  i t  w i l l  a g a i n  perform c o r r e c t l y  can b e  obta ined  by t e s t i n g .  
In  f a c t ,  s i n c e  t h e  stresses on propuls ion  subsystems are p r i -  
mar i ly  se l f - induced ,  tests r e q u i r i n g  a c t u a l  subsystem o p e r a t i o n  
would d e c r e a s e  system l i f e .  Dry-system f u n c t i o n a l  tests would 

* 
Space ShuttZe Propulsion Systems OnBoard Checkout and Mon- 

i t o r ing  System DeveZopment Study. MCR-70-274 ( I s s u e  2) , Contract  
NAS8-25619, DRL No. 187,  Rev A, Line I t e m  2. Mart in  Marietta 
Corporat ion,  Denver, Colorado, December 1970. 
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r e q u i r e  cons ide rab le  s i m u l a t i o n ,  would n o t  b e  r e a l i s t i c  i n  t h e  
absence of normal stresses, and would p rov ide  l i t t l e  a d d i t i o n a l  
confidence over  t h a t  ob ta ined  by leakage  checks and by monitor- 
i n g  ground s e r v i c i n g  ope ra t ions  such as purg ing  and p r o p e l l a n t  
l oad ing  a 

Appl icable  c o n d i t i o n  i n d i c a t o r s  w i l l  b e  monitored and 
eva lua ted  by onboard equipment du r ing  ground ope ra t ions  t o  de- 
t ec t  emergencies,  d e t e c t  and i s o l a t e  f a u l t s ,  ana lyze  t r e n d s ,  and 
i n d i c a t e  o p e r a t i n g - s t a t e  h i s t o r y .  

b .  I n f l i g h t  Moni tor ing  - Performance and cond i t ion - ind ica t -  
i n g  parameters  w i l l  be  monitored and eva lua ted  by onboard equip- 
ment du r ing  and a f t e r  engine  s t a r t  and du r ing  f l i g h t .  
to-ground i n t e r f a c e  w i l l  b e  used, o t h e r  than  v o i c e  communication. 
The d a t a  acqui red  by moni tor ing  w i l l  b e  processed  du r ing  f l i g h t  
t o  : 

NoTeh ic l e -  

1 )  Ver i fy  t h a t  t h e  system i s  ready t o  start; 

2 )  Detec t  emergencies;  

3)  Detect and i s o l a t e  f a u l t s ;  

4 )  Analyze t r e n d s  i n  real-time; 

5) I n d i c a t e  o p e r a t i n g - s t a t e  h i s t o r y ;  

6) Record performance d a t a .  

W - t o - S t a r t  Conc?i.tion Veri f icat ion - Appropr ia te  on- 
board moniLoring and e v a l u a t i o n  l o g i c  w i l l .  b e  provided t o  v e r i f y  
t h a t  a l l  a p p l i c a b l e  equipment i s  i n  t h e  c o r r e c t  c o n d i t i o n  t o  s t a r t  
whsraever BB abort ive s ta r t  might r e s u l t  i n  equipment damage, un- 
~ a € e  cond i t ions ,  o r  t h e  need t o  o f f l o a d  p r o p e l l a n t s .  Monitoring 
parametars  will i n c l u d e  a p p l i c a b l e  v a l v e  p o s i t i o n s ,  p r e s s u r e s ,  
t empera turas ,  e t c .  

-enep Detection - Appropr ia te  onboard moni tor ing  and 
preceesing Logic w i l l  b e  provided t o  d e t e c t  and p rov ide  c a u t i o n  
and warning i n d i c a t i o n s  f o r  t h e  f a l lowing  cond i t ions :  

1. Loss o r  impending lass of major f u n c t i o n s ;  

2) 
3) Redundancy reduced t o  s a f e  level; 

4 )  Hazardous leakage .  

F l i g h t  s a f e t y  parameters  exceeding s a f e  l i m i t s ;  
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Fault Detection and IsoZation - F a u l t  d e t e c t i o n  and i s o l a -  
t i o n  l o g i c  w i l l  b e  accomplished through onboard monitor ing and 
e v a l u a t i o n ,  t o  t h e  e x t e n t  t h a t  f a i l u r e s  are i d e n t i f i e d  and i so-  
l a t e d .  F a u l t  i s o l a t i o n  w i l l  b e  accomplished as soon a f t e r  detec-  
t i o n  as i s  necessary  t o  i d e n t i f y  l o s t  redundancy and t o  i n i t i a t e  
c o r r e c t i v e  o r  s a f i n g  a c t i o n  when a p p l i c a b l e .  
redundancy e x i s t s  and where c o r r e c t i v e  o r  s a f i n g  a c t i o n  i s  taken  
i n  response  t o  f a i l u r e  d e t e c t i o n  on ly ,  d i a g n o s i s  f o r  f a u l t  i s o l a -  
t i o n  may b e  performed on s t o r e d  d a t a  a t  a l a t e r  t i m e .  

I n  cases where no 

The r a t i o n a l e  f o r  t a k i n g  a l l  d a t a  f o r  i s o l a t i o n  of in-  
f l i g h t  f a i l u r e s  dur ing  o r  immediately a f t e r  d e t e c t i o n  of t h e  con- 
d i t i o n  i s  t h a t  i n  many cases t h e  o p e r a t i n g  c o n d i t i o n s  and a c t u a l  
sequence of events  b e f o r e ,  d u r i n g ,  and a f t e r  t h e  f a i l u r e  must b e  
known i n  o r d e r  t o  d i s c r i m i n a t e  between cause  and e f f e c t .  A l s o ,  
t r a n s i e n t  o r  i n t e r m i t t e n t  f a u l t s  may n o t  b e  i s o l a t a b l e  i n  l a t e r  
tests wi thout  r e s o r t i n g  t o  a h i g h l y  rea l i s t ic  s i m u l a t i o n  o f  con- 
d i t i o n s  and e v e n t s .  

Real-Time Trend Analysis - Trend a n a l y s i s  w i l l  b e  performed 
on elements known t o  e x h i b i t  measurable  symptoms of impending m a l -  
f u n c t i o n ,  provided they are n o t  f a i l - o p e r a t i o n a l l y  redundant-and 
provided f a i l u r e  i s  l i k e l y  t o  cause  s i g n i f i c a n t  secondary damage, 
Analysis  w i l l  b e  performed i n  real t i m e  i f  c o r r e c t i v e  a c t i o n  is 
a v a i l a b l e  i n  
a f a i l u r e  i s  

This  
a r e a l i z a b l e  
c o n s t r a i n t s  

f l i g h t  o r  i f  c a u t i o n  and warning i s  necessary  when 
probable .  

approach c o n s t r a i n s  t h e  e x t e n t  of t r e n d  a n a l y s i s  t o  
and economically reasonahle  l eve l .  Without t h e s e  
t h e  q u a n t i t i e s  of measurement channels ,  d a t a  s t o r -  

age c a p a c i t i e s ,  and process ing  l o a d s  became s i g n i f i c a n t l y  more 
d i f f i c u l t  t o  j u s t i f y  on t h e  b a s i s  of improving t h e  p r o b a b i l i t y  
of miss ion  success .  

Operating-State History - Where c o r r e l a t i o n  e x i s t s ,  o r  i s  
l i k e l y ,  between a l i n e  replacement u n i t ' s  performance and i t s  
o p e r a t i n g  t i m e ,  stresses, number o f  on /of f  c y c l e s ,  number of  revo- 
l u t i o n s  o r  s t r o k e s ,  o r  combinations of t h e s e ,  a h i s t o r y  of opera- 
t i o n  of  t h e  l i n e  replacement u n i t  w i l l  b e  maintained i n  computer 
s t o r a g e .  When t h e  u n i t ' s  o p e r a t i n g  h i s t o r y  exceeds i t s  opera- 
t i o n a l  l i f e t i n e ,  a p o s t f l i g h t  p r i n t o u t  w i l l  p rovide  n o t i f i c a t i o n  
of r e q u i r e d  replacement.  
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These o p e r a t i n g  h i s t o r i e s  w i l l  n o t  b e  cont inuous,  b u t  
w i l l  be  p e r i o d i c  o r  on-condition updated t o t a l s  of t h e  accumulated 
t i m e ,  cyc l e s ,  e t c ,  e i t h e r  a t  d i s c r e t e  states (on, s tandby,  e t c )  
o r  a t  d i s c r e t e  stress l e v e l s  (20% overtemperature ,  f o r  example). 

Replacement based on s t a t i s t i c a l  c o r r e l a t i o n  of per for -  
mance and o p e r a t i n g  h i s t o r y  is  a p a r t i c u l a r l y  v a l u a b l e  approach 
i n  cases  of i d e n t i c a l  redundant LRUs having a s t r o n g  c o r r e l a t i o n  
of performance w i t h  o p e r a t i n g  h i s t o r y .  The s t r o n g e r  t h e  c o r r e l a -  
t i o n >  t h e  h ighe r  t h e  p r o b a b i l i t y  t h a t  a l l  of t h e  i d e n t i c a l  u n i t s  
w i l l  f a i l  du r ing  t h e  same f l i g h t .  

Perfomnunee Data Reeord;ng - Performance d a t a  w i l l  b e  
acqui red  and recorded only  du r ing  t i m e s  of p o s s i b l e  a c t i v i t y  of 
i n t e r e s t .  Various d a t a  compression techniques  can b e  used t o  
f u r t h e r  reduce t h e  q u a n t i t y  of recorded d a t a ,  However, accomplish- 
i n g  any s i g n i f i c a n t  amount of compression e i t h e r  g r e a t l y  over loads  
t h e  computers du r ing  peak p rocess ing  t i m e s  and r e q u i r e s  consider-  
a b l e  a d d i t i o n a l  d a t a  s t o r a g e  c a p a c i t y  t o  temporar i ly  hold  d a t a  
u n t i l  they can b e  processed f o r  compression, o r  r e q u i r e s  an addi- 
t i o n a l  computer ded ica t ed  t o  d a t a  compression. 
proach i s  t o  p rov ide  enough r eco rd ing  c a p a c i t y  t o  s tore  t h e  re- 
qu i r ed  uncompressed d a t a  i n  a s u i t a b l e  format and t o  s u i t a b l y  
i d e n t i f y  t h e  d a t a  as t o  t i m e  and parameter t o  a l low e f f i c i e n t  
process ing  f o r  r educ t ion  and e v a l u a t i o n .  

The s e l e c t e d  ap- 

c. Display - The types  of i n fo rma t ion  t o  be d isp layed  are: 

Opera tor  o r  crew i n s t r u c t i o n s ,  such as procedures  
f o r  manual o p e r a t i o n s  o r  checkoffs ,  bo th  On t h e  
ground and du r ing  f l i g h t ;  

System s t a t u s ,  such as o p e r a t i n g  modes and redun- 
dancy l e v e l s ;  

P r o p e l l a n t  q u a n t i t i e s  and consumption rates; 

Malfunct ion d e t e c t i o n  o r  p r e d i c t i o n  n o t i f i c a t i o n  
and i d e n t i f i c a t i o n ,  bo th  dur ing  ground ope ra t ions  
(when pe r sonne l  are onboard) and du r ing  f l i g h t  (when 
c o r r e c t i v e  a c t i o n  by t h e  crew i s  p o s s i b l e )  ; 

Caution and warning i n d i c a t i o n s ;  

P o s t f l i g h t  p r i n t o u t s  of maintenance d a t a .  
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C.  ASSEMBLY,  MAINTENANCE,  AND R E P A I R  PROCEDURES FOR T H E  T C A  

Scheduled maintenance w i l l  b e  performed d u r i n g  motor r e f u r -  
bishment.  A l l  hardware w i l l  b e  designed on t h i s  phi losophy.  Dur- 
i n g  re furb ishment ,  t h e  motors w i l l  b e  i n s p e c t e d  and c leaned ,  t h e  
O-ring seals w i l l  b e  r e p l a c e d ,  t h e  e l ec t r i ca l  connect ions and 
plumbing l i n e s  w i l l  b e  checked, t h e  motors w i l l  b e  re loaded  w i t h  
new f u e l  g r a i n s ,  and pyrogen i g n i t e r  w i l l  b e  i n s t a l l e d  on t h e  
s p i n l d e s p i n  motor. The components u s e  modular des igns  s o  t h a t  
when a mal func t ion  occurs ,  t h e  complete p a r t  o r  u n i t  i s  r e p l a c e d  
r a t h e r  than  r e p a i r e d .  A f t e r  replacement ,  t h e  p a r t  o r  u n i t  can 
e i t h e r  b e  d iscarded ,  r e t u r n e d  v i a  a S h u t t l e  t o  a f l i g h t  command 
c e n t e r  f o r  r e p a i r ,  o r  r e p a i r e d  aboard t h e  Space S t a t i o n .  Space 
S t a t i o n  r e p a i r  w i l l  b e  k e p t  t o  a minimum and w i l l  c o n s i s t  of  mak- 
i n g  ad jus tments  o r  c a l i b r a t i o n s ,  r a t h e r  than  making r e p a i r s .  

The ACS motors w i l l  b e  r e f u r b i s h e d  a f t e r  6 .5  minutes  of  oper- 
a t i o n ,  and t h e  s p i n / d e s p i n  motors ,  after 15 minutes  of  o p e r a t i o n .  
Refurbishment d e a l s  w i t h  f i v e  main o p e r a t i o n s :  

b) Disassembly; 4 )  I n s t a l l a t i o n ;  

2)  Removal; 5)  Reassembly. 

3)  Refurbishment;  

Tabla V I I - 7  summarizes t h e  s t e p s  involved  i n  performing t h e  
t h e  ~ ~ Q V B  f i v e  ~ p ~ ~ a t i ~ n s ,  
p r e s e n t a t i o n  of t he  refurbishment  task. The fo l lowing  d i s c u s s i o n  
w i l l  cansider re furb ishment  b o t h  f o r  t h e  ACS motor and t h e  s p i n /  
d e s p i n  rnatsr, 

F i g u r e  VII-4 p r e s e n t s  a p i c t o r i a l  

1 - - Mator Rafurb i  __-I_ - s hment . - Task 

The E K I ~ Q ~  has completed i t s  o p e r a t i o n  and t h e  f i r i n g  c o n t r o l  
consafe  i n d i c a t e s  t h e  f u e l  g r a i n  has been consumed. Refurbish-  
ment will b e  gcheduled and performed at t h e  crew's convenience.  

a.  Dioan~jembly - Disaesembly begins  w h i l e  t h e  motor i s  cool- 
i ng ,  B&%e-&h<%6necting the  motor,  t h e  crew w i l l  don p r o t e c t i v e  
plQves and eye  s h i e l d s ,  and v e r i f y  t h a t  a l l  motor systems are in-  
operative and i n  a s a f e t y  p o s i t i o n .  The GOX o x i d i z e r  l i n e  and t h e  
p r o p a w  i p i t i o e  l i n e  w i l l  b e  d isconnec ted  a t  t h e i r  qu ick  discon- 
nects (Che LOX o x i d i z e r  l i n e  and LOX vacuum-jacketed l i n e  w i l l  b e  
d i f f cannec ted ) ,  
f~m4rd  c l o s u r e ,  and t h e  motor s a f e t y  l a t c h  system w i l l  b e  removed. 

The e l ec t r i c  c a b l e  w i l l  b e  unplugged from t h e  
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The motor i s  now be ing  h e l d  i n  p o s i t i o n  on t h e  pad due t o  t h e  Dif- 
f e r e n c e  between t h e  Space S t a t i o n  p r e s s u r e  of 70 kN/m2 (10 p s i a )  
a c t i n g  a g a i n s t  t h e  forward c l o s u r e  assembly and t h e  vacuum p r e s s u r e  
a c t i n g  on t h e  motor case ;  t h i s  creates a f o r c e  of 1645 N (380 l b )  
t o  ho ld  t h e  ACS motor i n  p o s i t i o n .  
t h i s  creates a f o r c e  of  7870 N (1770 l b )  t o  ho ld  t h e  motor i n  
p o s i t i o n . ]  Dust caps are i n s t a l l e d  on bo th  t h e  pad and motor con- 
n e c t o r s  a f t e r  disassembly t o  p reven t  contaminat ion of t h e  GOX (LOX) 
o r  propane (vacuum) d i n e s  and t o  p r o t e c t  t h e  p i n  connec tors  on t h e  
e l e c t r i c a l  cab le .  

[For  t h e  sp in /desp in  motor,  

b ,  Removal - The f i r s t  s t e p  i n  t h e  removal o p e r a t i o n  i s  t o  
i n s t a l l  t h e  door assembly. Before i n s t a l l i n g  t h e  door assembly, 
t h e  door seal  i s  checked f o r  any d i s c r e p a n c i e s  and t h e  door oper- 
a t i o n  checked f o r  ease and smoothness of o p e r a t i o n .  The door 
assembly i s  p o s i t i o n e d  under t h e  motor and b o l t e d  t o  t h e  motor pad 
through a p a t t e r n  of quick  connect  l a t c h  connec tors  t h a t  are locked 
i n  p o s i t i o n .  

The re furb ishment  c o n t a i n e r  assembly i s  checked f o r  seal 
i n t e g r i t y  and f o r  smoothness of r e t r a c t i o n  mechanism. The r e t r a c -  
t i o n  assembly c o n t a i n s  a r i n g  t h a t  a t t a c h e s  t o  t h e  motor forward 
c l o s u r e ,  a push-pul l  r o d ,  and a t r a c k  assembly t o  guide  t h e  motor 
i n t o  t h e  re furb ishment  c o n t a i n e r .  The a t tachment  r i n g  ex tends  
about 38 m (bk i n . )  p a s t  t h e  end of t h e  c o n t a i n e r  t o  a l low pin-  
ning af  the r i n g  t o  t h e  forward c l o s u r e .  Four ( e i g h t )  p i n s  are 
used t o  hold the  r i n g  t o  t h e  c l o s u r e .  Using t h e  motor f o r  lever- 
ape, the re furb ishment  c o n t a i n e r  is  moved i n t o  p o s i t i o n  and b o l t e d  
t o  tbg door assembly through a p a t t e r n  of qu ick  connect  l a t c h e s  
t h a t  are locked i n  p o s i t i o n .  

The removal procedure f o r  t h e  s p i d d e s p i n  motor i s  b a s i -  
cal ly  t h e  same as chat f o r  the ACS motors ,  b u t  t h e  door assembly 
and the refurbishment con ta ine r  f o r  t h e  s p i n / d e s p i n  motors are 
s l i g h t l y  d i f f e r e n t ,  For t h e  s p i n / d e s p i n  motor,  t h e  door assembly 
i s  permanently mounted and t h e  door ope ra t ed  by a chain-dr iven 
pul ley  asmmbly, The r e t r a c t i o n  mechanism uses  an at tachment  
r i n g  traveling on t h r e e  chain-dr iven b a l l  screws. The c o n t a i n e r  
aanetnbay rides 6x1 a d a l l y  t h a t  o p e r a t e s  on a t r a c k  system on t h e  
%Pssr of the re furb ishment  room. The l e g s  of  t h e  d o l l y  are-hydrau- 
l J , sd , ly  nporatsd s o  t h a t  t h e  re furb ishment  c o n t a i n e r  can b e  e x a c t l y  
positioned t o  t h e  h e i g h t  of t h e  s p i n / d e s p i n  motor du r ing  t h e  a t t a c h -  
menf prQG@dUr@. 
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A three-way pressure/vacuum valve is  connected t o  t h e  
refurbishment  c o n t a i n e r  via  a f l e x l i n e  and t h e  c o n t a i n e r  i s  evac- 
ua ted .  Vacuum i s  h e l d  f o r  one minute and the c o n t a i n e r  seal  i s  
checked f o r  i n t e g r i t y  ( a  vacuum/pressure gage on t h e  w a l l  of  t h e  
c o n t a i n e r  i n d i c a t e s  any l e a k a g e ) .  I f  t h e r e  i s  vacuum leakage ,  
t h e  seal  between t h e  c o n t a i n e r  and t h e  door assembly and t h e  seal  
a t  t h e  push-pull  rod w i l l  b e  checked t o  determine which seal  (or  
s e a l s )  need replacement.  Before r e p l a c i n g  seals ,  t h e  p r e s s u r e  i n  
the c o n t a i n e r  i s  e q u a l i z e d  t o  t h e  ambient Space S t a t i o n  p r e s s u r e  
through t h e  three-way pressure/vacuum l i n e .  
seal  needs replacement ,  t h e  c o n t a i n e r  w i l l  b e  disassembled from 
t h e  door assembly and t h e  sea l  w i l l  b e  r e p l a c e d .  The push-pul l  
rod seal  can b e  rep laced  w h i l e  t h e  c o n t a i n e r  is  a t t a c h e d  t o  t h e  
door assembly. A f t e r  sea l  replacement and reassembly, t h e  sea l  
i s  a g a i n  vacuum-checked. 

I f  t h e  c o n t a i n e r / d o o r  

With vacuum e x i s t i n g  a t  both  ends of  t h e  motor,  one crew man 
p u l l s  t h e  p u l l  rod ,  which, i n  t u r n ,  re t rac ts  t h e  motor i n t o  t h e  
refurbishment  c o n t a i n e r .  Then t h e  p u l l  rod i s  locked i n  p o s i t i o n  
and t h e  door i s  pushed a c r o s s  t h e  motor p o r t  h o l e  t o  s e a l  i t .  
(The s l i d i n g  door assembly h a s  r o l l e r s  tha t  f a c i l i t a t e  door oper- 
a t i o n  and a l low t h e  door t o  b e  moved wi thout  dragging  on t h e  s e a l .  
Notches are provided on t h e  motor pad t h a t  mate w i t h  t h e  ro l le rs  
on t h e  door assembly. When t h e  door assembly reaches  t h e  proper  
p o s i t i o n ,  t h e  r o l l e r s  mate w i t h  t h e  notches  and t h e  door seal  
comes i n  c o n t a c t  w i t h  t h e  motor pad . )  P r e s s u r e  i s  allowed t o  
b u i l d  up i n  t h e  c o n t a i n e r  through t h e  three-way pressure/vacuum 
v a l v e  u n t i l  t h e  p r e s s u r e  w i t h i n  t h e  c o n t a i n e r  reaches  t h e  l eve l  
w i t h i n  t h e  Space S t a t i o n .  This  p r e v e n t s  contaminat ion o f  t h e  LOX 
o r  vacuum l i n e s  and p r o t e c t s  t h e  p i n  connectors  on t h e  e l e c t r i c a l  
c a b l e .  

Once t h e  door assembly i s  i n  p o s i t i o n  and s e a i i n g ,  t h e  
vacuum l i n e  i s  d isconnec ted .  The c o n t a i n e r  ho ld ing  t h e  r e t r a c t e d  
motor i s  unla tched  from t h e  door assembly, p o s i t i o n e d  on t h e  
d o l l y ,  and t r a n s p o r t e d  t o  t h e  refurbishment  t a b l e .  The pushrpd 
( b a l l / s c r e w  hand crank)  i s  unlocked, and t h e  motor i s  extended 
o u t  of  t h e  c o n t a i n e r  and s t r a p p e d  t o  t h e  refurbishment  t a b l e .  
The refurbishment  c o n t a i n e r  assembly i s  removed and s t o r e d  dur- 
i n g  re furb ishment ,  For t h e  s p i n / d e s p i n  motors ,  t h e  motor case i s  
f a s t e n e d  t o  t h e  refurbishment  t a b l e  w i t h  t h e  c l o s u r e  a t t a c h e d  t o  
t h e  re furb ishment  c o n t a i n e r .  

c. Refurbishment - The forward c l o s u r e  i s  disassembled from 
t h e  case by removing t h e  p i n  s a f e t y  band and t h e  e i g h t  p i n s  hold- 
i n g  t h e  c l o s u r e  t o  t h e  case. The c l o s u r e  i s  placed on a s p e c i a l  
refurbishment  f i x t u r e  and t h e  s p a r k  p lug  f o r  i g n i t i n g  t h e  ACS 
motor i s  removed and rep laced .  Unused f u e l  g r a i n  m a t e r i a l  i s  re- 
moved from t h e  c a s e  and t h e  c losure-case  O-ring i s  d i s c a r d e d ,  An 
i n s p e c t i o n  i s  made t o  determine nozz le  t h r o a t  e r o s i o n ,  n c z z l e  
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e x i t  cone i n t e g r i t y ,  and case i n t e g r i t y .  The forward c l o s u r e  i s  
i n s p e c t e d  and checked f o r  p i n  h o l e  e l o n g a t i o n ,  e l e c t r i c a l  con- 
n e c t o r  c o n t i n u i t y ,  GOX (LOX) l i n e  i n j e c t o r  i n t e g r i t y ,  and propane 
(vacuum) l i n e  connector  i n t e g r i t y .  The motor pad GOX (LOX) and 
propane (vacuum) f l e x  l i n e s  are checked f o r  d i s c r e p a n c i e s ,  A 
c o n t i n u i t y  check i s  given t o  t h e  e lectr ical  c a b l e ,  v e r i f y i n g  c i r -  
c u i  t o p e r a t i o n  e 

During re furb ishment ,  a11 d i s c r e p a n t ,  mal func t ioning  hard- 
ware w i l l  b e  r e p l a c e d  and a f r e s h  hybr id  f u e l  g r a i n  w i l l  b e  assem- 
b l e d  i n t o  t h e  motor case. A new closure- to-case O-ring i s  in -  
s t a l l e d  and t h e  c l o s u r e  i s  assembled t o  t h e  case. A t  t h i s  t i m e ,  
t h e  f u e l  d e p l e t i o n  e l ec t r i c  w i r e  i s  connected t o  an i n t e r n a l  p lug .  
The c l o s u r e  i s  a t t a c h e d  t o  t h e  case w i t h  e i g h t  s h e a r  p i n s  and t h e  
p i n  s a f e t y  band i s  i n s t a l l e d .  

A f t e r  assembling the forward c l o s u r e  t o  t h e  case, a pres -  
s u r e  check i s  performed t o  v e r i f y  t h e  i n t e g r i t y  of  t h e  motor O-ring 
seal .  
t a i n e d  f o r  1 minute.  I f  t h e  O-ring f a i l s ,  i t  i s  rep laced  and t h e  
motor i s  r e t e s t e d ,  

An i n t e r n a l  motor p r e s u r e  o f  1034 kN/m2 (150 p s i a )  i s  main- 

A s p e c i a l  seal is  provided between t h e  motor and s t a t i o n  
motor mount. This  seal  i s  f i l l e d  w i t h  a nonflammable, noncompres- 
s i b l e  f l u i d  and i s  used w i t h  a p r e s s u r e  t r a n s d u c e r  t o  i n d i c a t e  
motor t h r u s t .  This  sea l  i s  l o c a t e d  on t h e  forward c l o s u r e  s k i r t  
and i s  i n s p e c t e d  a t  refurbishment .  A s p e c i a l  t e s t i n g  d e v i c e  i s  
used t o  v e r i f y  proper  o p e r a t i o n  of  t h e  t h r u s t  s e n s i n g  assembly 
and t o  v e r i f y  i t s  a b i l i t y  t o  seal .  I f  a replacement i s  necessary ,  
t h e  seal and p r e s s u r e  t ransducer  are r e p l a c e d  as a u n i t  and re- 
t e s t e d .  

d. I n s t a l l a t i o n  - A f t e r  t h e  motor assembly i s  completed and 
t h e  refurbishment  c o n t a i n e r  r i n g  i s  a t t a c h e d  and pinned t o  t h e  for -  
ward c l o s u r e ,  t h e  motor i s  unstrapped from t h e  refurbishment  t a b l e  
and r e t r a c t e d  i n t o  t h e  refurbishment  c o n t a i n e r  u s i n g  t h e  c o n t a i n e r  
p u l l  rod ,  Then t h e  rod i s  locked i n  t h e  r e t r a c t e d  p o s i t i o n .  The 
refurbishment  c o n t a i n e r  wi th  t h e  r e t r a c t e d  motor i s  p o s i t i o n e d  and 
a t t a c h e d  t o  t h e  door assembly. The three-way pressurelvacuum l i n e  
i s  a t t a c h e d  t o  t h e  c o n t a i n e r  assembly and t h e  c o n t a i n e r  is  evacuated 
and h e l d  under vacuum f o r  1 minute .  
age i s  noted ,  e i t h e r  t h e  container-to-door seal  o r  t h e  r e t r a c t i o n  
mechanism seal w i l l  b e  rep laced ,  If t h e  container-to-door seal 
needs replacement ,  t h e  c o n t a i n e r  w i l l  have t o  b e  unla tched  from 
t h e  door assembly. The r e t r a c t i o n  seal  can b e  r e p l a c e d  w i t h  t h e  
c o n t a i n e r  a t t a c h e d  t o  t h e  door.  Before seal  replacement ,  t h e  con- 
t a i n e r  w i l l  be  r e p r e s s u r i z e d  t o  t h e  level  w i t h i n  t h e  Space S t a t i o n .  
A f t e r  seal replacement ,  t h e  c o n t a i n e r  i s  a g a i n  evacuated and t h e  
seals are checked. 

I f  unacceptab le  p r e s s u r e  leak-  
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With t h e  con ta ine r  ho ld ing  vacuum, t h e  door i s  opened, 
exposing t h e  motor mount p o r t  h o l e .  The motor i s  extened i n t o  
o p e r a t i n g  p o s i t i o n .  With t h e  motor i n  i t s  o p e r a t i n g  p o s i t i o n ,  
t h e  c o n t a i n e r  is  p r e s s u r i z e d  and maintained a t  Space S t a t i o n  pres-  
s u r e  f o r  1 minute .  I f  l eakage  i s  i n d i c a t e d  by t h e  c o n t a i n e r  p re s -  
s u r e  gage, t h e  m o t o r / s t a t i o n  seal  w i l l  b e  r ep laced  as p rev ious ly  
desc r ibed .  A f t e r  seal replacement ,  t h e  c o n t a i n e r  i s  aga in  pres-  
s u r i z e d  t o  cabin  p r e s s u r e  and checked f o r  leakage .  

With t h e  motor extended i n t o  i t s  o p e r a t i n g  p o s i t i o n  t h e  
c o n t a i n e r  can b e  removed. F i r s t  t h e  three-way pressure/vacuum 
valve i s  d isconnec ted .  Then t h e  con ta ine r  i s  unla tched  from t h e  
door assembly and allowed t o  s l i d e  38 mm (1% i n . )  down t h e  re- 
t r a c t i o n  mechanism, exposing t h e  p i n s  a t t a c h i n g  t h e  c o n t a i n e r  
r i n g  t o  t h e  c l o s u r e .  The p i n s  are removed and t h e  c o n t a i n e r  
assembly i s  withdrawn from t h e  motor. As a f i n a l  s t e p  f o r  t h e  
ACS motor,  t h e  door assembly i s  unla tched  from t h e  motor pad and 
removed. 

The sp in /desp in  motor i s  i n s t a l l e d  us ing  t h e  same pro- 
cedure as desc r ibed  above f o r  t h e  ACS motor. The h y d r a u l i c a l l y  
opera ted  l e g s  on t h e  d o l l y  assembly p o s i t i o n  t h e  motor f o r  in -  
s t a l l a t i o n  t o  t h e  motor pad. A f t e r  motor i n s t a l l a t i o n ,  t h e  d o l l y  
and c o n t a i n e r  assembly are  removed. The door assembly is  n o t  re- 
moved (because of i t s  s i z e  and we igh t ) ,  b u t  remains i n s t a l l e d  
under t h e  motor. 

e. Reassembly - The f i n a l  ope ra t ion  i n  t h e  re furb ishment  
t a s k  i s  t o  connect t h e  motor pad plumbing and e l e c t r i c a l  connec- 
t i o n s .  A l l  d u s t  and p r o t e c t i v e  covers  are removed and t h e  GOX 
(LOX) o x i d i z e r  l i n e ,  t h e  propane i g n i t i o n  (vacuum) l i n e ,  and t h e  
e lectr ical  c a b l e  are connected and locked i n  p o s i t i o n .  A s  pre- 
v i o u s l y  mentioned, a f o r c e  of 1645 N (380 l b )  ho lds  t h e  ACS motor 
i n  t h e  o p e r a t i n g  p o s i t i o n  due t o  t h e  p r e s s u r e  d i f f e r e n c e  between 
t h e  vacuum of space  and t h e  p r e s s u r e  w i t h i n  t h e  Space S t a t i o n .  
The corresponding f o r c e  f o r  t h e  sp in /desp in  motor is  7870 N (1770 
l b ) .  A s  an added s a f e t y  f e a t u r e ,  t h e  motor i s  l a t c h e d  t o  t h e  
motor pad, p rov id ing  a p o s i t i v e  at tachment  i f  S t a t i o n  p r e s s u r e  
i s  l o s t  du r ing  f l i g h t .  

D, ASSEMBLY, MAINTENANCE, AND REPAIR PROCEDURES FOR THE OFA 

Table VII-8 shows t h e  o r d e r  of o p e r a t i o n  f o r  a l l  assembly, 
maintenance, and r e p a i r  procedures  ' fo r  t h e  s e l e c t e d  OFA. 
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E .  AUXILIARY POWER AND CREW REQUIREMENTS 

A u x i l i a r y  power and crew requirements  have been minimized t o  
reduce t h e  impact of APS o p e r a t i o n  on o t h e r  Space S t a t i o n  a c t i v i t y .  
A P S  o p e r a t i o n  w i l l  b e  handled remotely,  e l i m i n a t i n g  any o n s i t e  
s u p p o r t .  ACS o p e r a t i o n  could even b e  handled a u t o m a t i c a l l y  by 
t h e  f i r e  c o n t r o l  system. Refurbishment accounts  f o r  most of  t h e  
A P S  manpower and e l e c t r i c a l  power requirements .  Maintenance, re- 
furbishment ,  and resupply  of t h e  ACS. motors r e q u i r e s  roughly 314 
man-hr p e r  month f o r  1 0  y r .  The s p i n / d e s p i n  motors r e q u i r e  about  
4 man-hr p e r  s p i n  o r  desp in  maneuver. The OFA r e q u i r e s  approxi- 
mately 4.75 h r  p e r  y e a r ,  i n c l u d i n g  t h e  resupply p e r i o d s .  

1. Auxiliary Power Requirements 

The A P S  h a s  minimal a u x i l i a r y  power requirements  dur ing  pro- 
p u l s i o n  o p e r a t i o n ,  as shown i n  Table VII-9. The o x i d i z e r  c o n t r o l  
v a l v e s  draw between 0.5 and 1 .5  amp a t  28 vdc dur ing  motor opera- 
t i o n ,  w h i l e  t h e  i n s t r u m e n t a t i o n  only draws 0.2 amp. The i g n i t i o n  
c i r c u i t s  draw power f o r  such a s h o r t  t i m e  t h a t  they make a n e g l i -  
g i b l e  c o n t r i b u t i o n  t o  power requirements  The backup GOX valves 
( N . O . )  would only b e  used i f  a TCA o x i d i z e r  c o n t r o l  v a l v e  f a i l e d  
t o  c l o s e .  The backup valve would remain c l o s e d  u n t i l  t h e  motor 
wi th  t h e  d e f e c t i v e  GOX valve had been d isconnec ted .  I n  t h e  in-  
t e r i m ,  t h e  GOX supply would b e  s h u t  o f f  t o  f o u r  ACS motors on one 
p a i d ,  b u t  t h e  f o u r  o t h e r  motors would s t i l l  b e  a v a i l a b l e  t o  com- 
p l e t e  any a t t i t u d e  c o n t r o l  manuever. 

During re furb ishment ,  l i g h t i n g  accounts  f o r  almost a l l  t h e  
a u x i l i a r y  power requirements .  A three-way v a l v e  l o c a t e d  on t h e  
t h r u s t  pad i s  used f o r  2 t o  3 minutes t o  draw a vacuum i n  t h e  motor 
refurbishment  c o n t a i n e r  b e f o r e  withdrawing o r  extending t h e  motor. 
However, t h e  e l e c t r i c a l  power used f o r  t h i s  o p e r a t i o n  i s  s m a l l  
compared t o  t h e  power r e q u i r e d  t o  p r o p e r l y  i l l u m i n a t e  t h e  room 
p e r  MIL-STD-1472. Using s t a n d a r d ,  w a r m  w h i t e  f l u o r e s c e n t  l i g h t  
w i t h  a 50% u t i l i z a t i o n  f a c t o r ,  1 4  amp a t  28 vdc w i l l  be  r e q u i r e d  
t o  provide  4 .6  lumens/ in ,2  (50 f t - c )  of i l l u m i n a t i o n  i n  t h e  APS 
room dur ing  motor refurbishment .  During t h e  25 t o  40 minutes when 
t h e  refurbishment  c o n t a i n e r  is a t t a c h e d  t o  t h e  pad, an a d d i t i o n a l  
1 0  amp w i l l  b e  r e q u i r e d  f o r  pad l i g h t i n g .  S i m i l a r l y ,  w h i l e  t h e  
motor i s  be ing  r e f u e l e d  and i n s p e c t e d  on t h e  work t a b l e ,  7 amp w i l l  
b e  r e q u i r e d  t o  l i g h t  t h a t  area. S ince  an ACS f u e l  g r a i n  i s  con- 
sumed about every 1% months, t h e  ACS power requirements  are about 
0.37 kwh/month, almost e n t i r e l y  due t o  l i g h t i n g  dur ing  r e f u r b i s h -  
ment. S i m i l a r l y ,  a spinup o r  desp in  maneuver ( t h r e e  motor f i r i n g s  
and re furb ishments )  w i l l  r e q u i r e  about 2 - 7  kwh due t o  l i g h t i n g  re- 
quirements  * 
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2, Crew Requirements for the TCA 

The b a s e l i n e  A P S  motors can b e  assembled, disassembled,  r e f u r -  
b i shed ,  and i n s p e c t e d  by one crewman. The loaded A P S  motor i n  i t s  
refurb ishment  c o n t a i n e r  ( i n  an 0.7-g Space S t a t i o n  environment) 
weighs less than  23 kg ( 5 0  l b )  and i s  n o t  more than 1118 mm ( 4 5  
i n . )  long  and 22 mm (8 3 / 4  i n , )  i n  diameter .  The l a r g e r  and heav- 
ier s p i n / d e s p i n  motor and refurbishment  assembly i s  handled w i t h  
t h e  h e l p  of a d o l l y  t h a t  r i d e s  on ra i ls  and can b e  e a s i l y  manipu- 
l a t e d  around t h e  refurbishment  compartment, The d o l l y  has  hydrau- 
l i c a l l y  opera ted  l e g s  t h a t  can b e  used t o  p o s i t i o n  i t  t o  the h e i g h t  
of t h e  motor pad and refurbishment  t a b l e .  

The s p i n l d e s p i n  motor f u e l  g r a i n  i s  segmented. None of  the 
segments weigh ( i n  an 0.7-g space  s t a t i o n  environment) more than  
1 5  kg ( 3 5  l b ) ,  

A t i m e l i n e  a n a l y s i s  w a s  made t o  determine t h e  t i m e  r e q u i r e d  
F i g u r e  V I I - 5  t o  r e f u r b i s h  both  an ACS and a s p i n / d e s p i n  motor. 

shows a s t e p  by s t e p  a n a l y s i s  of t h e  refurbishment  procedure.  
T i m e  v a l u e s  were ass igned  t o  each s t e p  based on engineer ing  esti- 
mates and on t h e  fo l lowing  assumptions: 

One crewman i s  performing t h e  refurbishment  o p e r a t i o n ;  

A l l  motor hardware and refurbishment  t o o l i n g  i s  avail- 
a b l e  i n  t h e  refurbishment  compartment; 

There w i l l  b e  no replacement of motor p a r t s ,  O-rings, 
o r  seals; 

The refurbishment  door assembly used f o r  t h e  s p i n /  
desp in  motor i s  f i x e d  t o  t h e  motor pad and need n o t  
b e  i n s t a l l e d  o r  removed; 

The crewman i s  f a m i l i a r  w i t h  t h e  refurbishment  pro- 
cedure; 

The refurbishment  begins  and ends w i t h  t h e  motor 
mounted on t h e  pad i n  o p e r a t i n g  p o s i t i o n .  

The a n a l y s i s  showed t h a t  i t  r e q u i r e s  44 minutes  t o  r e f u r b i s h  
an ACS motor and 76 minutes t o  r e f u r b i s h  t h e  l a r g e r  s p i n l d e s p i n  
motor 
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(2.0 m i n u t e s )  

4.0 m i n u t e s  1.0 m i n u t e  
(2.0 m i n u t e s )  (0.5 m i n u t e s )  

SUMMARY 

Motor Time ( m i n u t e s )  

S p i n / D e s p i n  76 

ACS (44) 

T r a n s p o r t  
t o  
R e f u r b i s h m e n t  
T a b l e  

1.0 m i n u t e  
(0.5 m i n u t e s )  

2.0 m i n u t e s  1.0 m i n u t e  
(1.0 m i n u t e s )  (0.5 m i n u t e s )  

F i g .  VII-5 R e f u r b i s h m e n t  T i m e l i n e  
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It t a k e s  t h r e e  s p i n / d e s p i n  motors t o  accomplish e i t h e r  a s p i n  
o r  d e s p i n  g r a v i t y  maneuver. These t h r e e  motors can b e  mounted i n  
any one of f o u r  motor mounts (two p e r  pad) .  S ince  a s p i n  w i l l  b e  
followed by a despin ,  e i t h e r  of  t h e  fo l lowing  refurbishment  ap- 
proaches can b e  used: 

1) F i r e  a l l  t h r e e  motors dur ing  t h e  maneuver and r e f u r -  
b i s h  a l l  t h r e e  motors a f t e r  t h e  maneuver h a s  been 
accomplished. 
and r e i n s t a l l e d  dur ing  t h e  maneuver); 

2) Refurbish concurren t ly  w i t h  t h e  manuever. 

(Note t h a t  one motor must b e  removed 

Based on t h e  s e l e c t e d  des ign ,  i f  t h e  motors tire r e f u r b i s h e d  
dur ing  t h e  f i r i n g ,  i t  would t a k e  2.5 h r  t o  accomplish t h e  s p i n  o r  
desp in  maneuver and t h e  minimum turnaround t i m e  would b e  1 . 5  h r .  
I f  a l l  t h r e e  motors are r e f u r b i s h e d  a f t e r  t h e  maneuver, i t  w i l l  
t a k e  1 . 5  h r  t o  accomplish t h e  maneuver and t h e  maximum turnaround 
t i m e  would b e  4 h r .  S ince  a per iod  of 1 t o  3 months exists between 
a s p i n  o r  desp in  maneuver, t h e  refurbishment  schedule  would depend 
on t h e  crewman's du ty  requirements  dur ing  a maneuver. I f  r e f u r -  
bishment could b e  accomplished i n  a g r a v i t y  environment, i t  would 
provide  f o r  n a t u r a l  working c o n d i t i o n s  wi thout  t h e  e f f e c t s  of 
weight lessness .  For a s p i n  maneuver, t h e  recommended approach 
would b e  t o  r e f u r b i s h  a f t e r  t h e  maneuver h a s  been completed, allow- 
i n g  t h e  refurbishment  work t o  b e  accomplished i n  a 0.7-g environ- 
ment. During a d e s p i n  maneuver, r e f u r b i s h i n g  concurren t ly  w i t h  
t h e  maneuver would minimize t h e  work t o  b e  done i n  t h e  zero-g con- 
d i t i o n .  It should b e  noted t h a t  a g r a v i t y  environment i s  n o t  a 
requirement .  All o p e r a t i o n s  f o r  r e f u r b i s h i n g  both  t h e  s p i n / d e s p i n  
and ACS motors can b e  accomplished w h i l e  i n  a zero-g condi t ion .  

3. Crew Requirements f o r  t h e  OFA 

To minimize t h e  t o t a l  maintenance t i m e ,  i d e n t i c a l  components/ 
modules r e q u i r i n g  replacement a t  t h e  same t i m e  can b e  rep laced  dur- 
i n g  one maintenance o p e r a t i o n ,  s a v i n g  p r e p a r a t i o n  and t rave l  t i m e .  
We assumed h a l f  of t h e  f i l t e r s  are rep laced  af ter  each p r e s s u r a n t  
and o x i d i z e r  resupply  (every 6 months). 

I f  a l l  t h e  components w i t h  3-yr l i ves  w e r e  rep laced  d u r i n g  one 
maintenance p e r i o d ,  a v a i l a b l e  crew t i m e  might b e  exceeded. There- 
f o r e ,  w e  sugges t  t h a t  only h a l f  t h e  valves, components, and t r a n s -  
ducers  b e  rep laced  a t  one p e r i o d .  The components i n  t h e  h a l f  of 
t h e  system t h a t  w a s  active immediately a f t e r  o r b i t  i n s e r t i o n  should 
b e  rep laced  f i r s t  a f t e r  3, 6 ,  and 9 y r ,  Components i n  t h e  i n i t i a l l y  
redundant s tandby h a l f  of t h e  A P S  should b e  rep laced  a t  3-1/2 and 
6-1/2 y r .  



MCR-71-11 ( V O ~  11) VII-33 

Primary scheduled  maintenance f u n c t i o n s  f o r  t h e  OFA c o n s i s t  o f :  

1) Checking t h e  p r e s s u r e ;  

2)  Replacing f i l t e r  e lements ;  

3)  T e s t i n g  t h e  f i t t i n g s  f o r  l e a k s .  

P r e s s u r e s  are checked b e f o r e  and a f t e r  each resupply .  This is  

The t o t a l  t i m e  p e r  y e a r  i s  80 minutes ,  assuming re- 
e s t ima ted  t o  r e q u i r e  10 minutes p e r  OFA, o r  a t o t a l  of 20 minutes 
p e r  resupply .  
supply  every 90 days.  

The crewtimes r e q u i r e d  f o r  the remaining scheduled  maintenance 
f u n c t i o n s  are p r e s e n t e d  below, 

Table VII-10 Est imated Crewtimes for Scheduled Maintenance 

Trave l  t o  Assembly 

T igh ten  Fi  tti ngs ( 1/2 minu te  each) 

Return f rom Assembly & Stow Gear 

The t o t a l  e s t ima ted  scheduled maintenance t i m e  p e r  y e a r  f o r  
tha OPAs 1s 286 minu tes ,  
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F. . APS RESUPPLY AND STORAGE REQUIREMENTS 

1. Resupply 

Resupply f o r  t h e  A P S  system encompasses a l l  t h e  a c t i v i t i e s  
from t e r r e s t r i a l  s t o r a g e ,  inventory  c o n t r o l ,  and ground h a n d l i n g  
t o  i n f l i g h t  refurbishment  of t h e  propuls ion  system. This  s e c t i o n  
d i s c u s s e s  t h o s e  a s p e c t s  of resupply  t h a t  are unique t o  t h e  pro- 
posed ACS and s p i n / d e s p i n  propuls ion  systems. 

A t  launch,  a l l  equipment and t o o l i n g  needed t o  perform t h e  
planned a t t i t u d e  c o n t r o l  and s p i n l d e s p i n  maneuvers w i l l  b e  aboard 
t h e  Space S t a t i o n .  I t e m s  t h a t  w i l l  b e  r e s u p p l i e d  d u r i n g  t h e  10-yr 
S t a t i o n  o r b i t  w i l l  b e  as fol lows:  

1) Consumables, 

a) LOX, 

b )  Helium p r e s s u r a n t ,  

c )  

d )  Propane gas  f o r  i g n i t i n g  ACS motors ,  

e )  Spin /despin  motor i g n i t e r  assembl ies ;  

ACS and s p i n / d e s p i n  motor f u e l  g r a i n s ,  

2 )  I t e m s  t h a t  Age and Cure w i t h  T i m e :  

a )  Valves, 

b )  F i l t e r s ,  

c )  O-rings, 

d )  Seals.  

A schedule  f o r  resupply  is  shown i n  Table  VZ’I-11. Resupply 
q u a n t i t i e s  of t h e  consumable items were determined f r o n  the t o t a l  
impulse r e q u i r e d  t o  perform t h e  ACS and s p i n / d e s p i n  maneuvers g iven  
i n  Table  11-2. 
every 6 months except  dur ing  t h e  a r t i f i c i a l - g  exper  
cargo module i s  docked t o  supply LOX, The f i r s t  S h u t t l e  f l i g h t  
would b e  flown 3 months a f t e r  launch;  t h e  last  resupply  f l i g h t  wovld 
be  flown 9 y e a r s  and 6 months a f t e r  launch.  A t o t a l  0f 2 1  resupply  
S h u t t l e  f l i g h t s  would be  made dur ing  t h e  10-yr Space S t a t i o n  o r b i r .  

The resupply  schedule  i s  based upon a S h u t t l e  f l i g h t  

Each i t e m  aboard t h e  S t a t i o n  w i l l  b e  i d e n t i f i e d  by a s e r i a l  
number f o r  i n v e n t o r y  c o n t r o l .  An i n v e n t o r y  check w i l l  be  made 
every 6 months p r i o r  t o  t h e  S h u t t l e  f l i g h t .  A t  t h i s  t i m e ,  un- 
scheduled supply i t e m s  w i l l  b e  determined and ordered .  A s  new 
resupply  items a r r ive ,  they  w i l l  b e  v i s u a l l y  i n s p e c t e d ,  logged 
onto an inventDry l i s t ,  and s t o r e d  i n  t h e  refnrbishment  compart- 
men t 
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2 .  APS Storage Requirements 

S torage  of a l l  A P S  r e l a t e d  hardware i n  t h e  refurbishment  rooms 
w a s  s e l e c t e d  as t h e  b e s t  approach s i n c e  i t  s i m p l i f i e s  motor mainte- 
nance t a s k s  and provides  b e t t e r  i n v e n t o r y  c o n t r o l .  The APS rooms 
(Fig.  VII-1) provide  s t o r a g e  space  f o r  a l l  A P S  motor hardware and 
s u b s t a n t i a l  amounts of non-APS r e l a t e d  equipment. 
p r i n c i p a l  component s t o r a g e  areas i n  t h e  APS rooms -- two s t o r a g e  
c a b i n e t s  and t h e  space  underneath t h e  work t a b l e .  The f i l e  cabi-  
n e t  i n  t h e  a d m i n i s t r a t i v e  area i s  p r i m a r i l y  in tended  f o r  r e c o r d s  
p e r t a i n i n g  t o  t h e  A P S  o r  o t h e r  Space S t a t i o n  subsystems. With t h e  
except ion  of  t h e  s p i n / d e s p i n  re furb ishment  c o n t a i n e r  and d o l l y  
assembly, t h e s e  t h r e e  s t o r a g e  areas have s u f f i c i e n t  c a p a c i t y  t o  
hold a l l  A P S  r e l a t e d  equipment dur ing  t h e  10-yr l i f e  of t h e  Space 
S t a t i o n .  The refurbishment  c o n t a i n e r / d o l l y  assembly r o l l s  between 
t h e  two A P S  rooms on t r a c k s  and i s  l o c a t e d  i n  t h e  s tandby p o s i t i o n  
i n  e i t h e r  room when n o t  i n  use.  

There are t h r e e  

APS equipment and s p a r e s  have been s t o r e d  t o  f a c i l i t a t e  motor 
refurbishment .  During launch t h e  16 primary ACS TCAs and t h e  
t h r e e  s p i n / d e s p i n  TCAs would b e  s t o r e d  i n s i d e  t h e  Space S t a t i o n ,  
f i r m l y  l a s h e d  t o  t h e  f l o o r ,  Once i n  o r b i t ,  a l l  19 TCAs would b e  
p laced  i n  t h e i r  f i r i n g  p o s i t i o n s  and only  b e  r e t r a c t e d  f o r  re- 
furbishment ,  o r  i n  t h e  case of  t h e  s p i n / d e s p i n  motors,  f o r  r e t u r n  
t o  e a r t h .  Therefore ,  A P S  s t o r a g e  f a c i l i t i e s  must h o l d  a l l  rep lace-  
ment f u e l  g r a i n s  and s p a r e  components. 

About 0.84 m3 (29.6 f t 3 )  of  s t o r a g e  space  h a s  been provided 
underneath t h e  motor re furb ishment  work t a b l e  (Fig.  VII-5). S ince  
t h i s  l o c a t i o n  i s  t h e  most convenient  f o r  motor maintenance, t h e  
work t a b l e  s t o r a g e  area h a s  been configured t o  hold ACS f u e l  
g r a i n s  and motor s p a r e s .  With t h e  except ion  of  t h e  ACS r e f u r -  
bishment c o n t a i n e r ,  a l l  ACS equipment i s  s t o r e d  a t  t h i s  l o c a t i o n .  
F i g u r e  VII-6, which shows t h e  l a y o u t  of  t h e  work t a b l e  s t o r a g e  
area, assumes 25-mm (1-in.)  s h e l f  and p a r t i t i o n  t h i c k n e s s e s  e 

The two s t o r a g e  c a b i n e t s  (Fig.  VII-7) i n  t h e  A P S  rooms pro- 
v i d e  room f o r  s p i n / d e s p i n  f u e l  g r a i n s  and i g n i t e r  assembl ies ,  
w i t h  e x t r a  space  f o r  non-APS r e l a t e d  s t o r a g e ,  The c a b i n e t  near- 
es t  t h e  work t a b l e  h a s  been designed t o  hold  t h r e e  s p i n / d e s p i n  
f u e l  g r a i n s ,  s t o r e d  v e r t i c a l l y  w i t h  t h e  forward segment on t h e  
bottom. During re furb ishment ,  t h e  segments are  removed one a t  a 
t i m e  from t h e  top  and i n s e r t e d  i n t o  t h e  motor,  This c a b i n e t  a l s o  
h o l d s  seven replacement i g n i t e r  c a r t r i d g e s  Approximately 0 .3  m3 
(10,5 f t 3 )  i s  a v a i l a b l e  i n  t h i s  c a b i n e t  f o r  non-APS r e l a t e d  s t o r -  
age ,  
i t s  miss ion ,  t h e  e n t i r e  c a b i n e t  w i l l  b e  a v a i l a b l e .  The f a r  cabi-  
n e t  h o l d s  a n  a d d i t i o n a l  two s p i n / d e s p i n  f u e l  g r a i n s  and t h e  ACS 
re furb ishment  c o n t a i n e r .  During t h e  f i r s t  18 months, t h i s  cabi-  
n e t  p rovides  0 , 8 1  m3 (28 -8  f t 3 )  of non-APS r e l a t e d  s t o r a g e ;  a f t e r  
18 months, an a d d i t o n a l  0.57 m3 (20,O f t 3 )  becomes a v a i l a b l e .  

A f t e r  18 months, when t h e  s p i n / d e s p i n  system h a s  completed 
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A major goal of this program was to identify new technology 
requirements associated with the hybrid A P S  being considered for 
the Space Station. 

This section compares the technology needed with the technology 
status presented in Chapter VI. The OFA and the TCA are discussed 
separately for ease of discussion. 

A.  OXIDIZER. FEED ASSEMBLY 

The technology required for the OFA is well in hand. There is 
little need for further research, although much development is 
required. The programs recommended below are development programs, 

1. Development of Three-way Val ves 

The three-way valves used in the hybrid A P S  have different 
operational requirements than those normally encountered by three- 
way valves. They must be capable of interconnecting any two o f  
three ports (the crossover port or feed port to the attitude con- 
trol thrusters, plus connecting the feed to the crossover). 

We recommend that a development program be initiated to develop 
and demonstrate these valves. 
propulsion system where redundancy is required. 

These valves would be of use in any 

2. Development of Electromechanical and Mechanical B e l l o w s  Systems 

Initial studies indicated that both the electromechanical bel- 
lows and the mechanical bellows feed systems are attractive, since 
they eliminate the need to use a gas pressurant to expel the LOX 
and eliminate the lines and components associated with such a sys- 
tem. The mechanical bellows system uses the spring force of the 
bellows and an additional spring in place of the electric motor Qf 
the electromechanical device. This provides a safe, simple sys 
that offers weight advantages as well as reliability. Development 
and demonstration of these systems are recommended. 
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3 .  Development o f  In f l igh t  Maintenance Experiment 

An inflight maintenance experiment for propulsion is required 
to provide further definition and development of Space Station 
operational and technology concepts, system designs, and crew 
performance evaluation criteria. 

None of the space flights to date have included any definitive 
experiments on inflight maintenance, nor has any extensive main- 
tenance been required for the operating systems. 
scheduled for Skylab I, is the first experiment designed to ac- 
q u i r e  basic human €actors data in a zero-g environment. 

Experiment M-508, 

The objective of the inflight maintenance experiment for pro- 
pulsion shall be to demonstrate the ability to accomplish selected, 
significant tasks that will be representative of the maintenance 
and resupply required during long-duration manned space missions 
€or propulsion subsystems. The experiment shall possess commonali- 
ty with the other subsystems for a Skylab-type vehicle so that 
maximum data are obtained. The experiment shall be designed to 
provide data for: t h e  entire area of integrated maintenancelresupply, 
including equipment design for maintenance and resupply, fluid 
phenomena i n  zero-g:, human factors, astronaut performance in a 
zer0-g mvirsnment, and procedural information. 

The experiment e h a l l  consist of three phases: 

Fhaos L Experinant Definition 

Phase 2 Prototype Design, Build, and Ground Development Tests 

Phase 3 Flight Design, Build, and Tests 

a e  - This phase shall define 
candida erimental configuration; 
t m t n  and the  associated test equipment required for Phases 2 and 
3; budget and achedule f o r  Phases 2 and 3;  detailed outline of the 
experiment, including what can be  accomplished with ground simula- 
t i s n ,  KC-135 flights, and space flight tests. Maintenance tasks to 

d may be  either preventive (scheduled) or corrective 
(unachsduhd) 
g%emenfs : 

and can be summarized into the following functional 
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Test/Check Filter 

Calibrate Decontaminate 

Adjust Visual Check 

Remove/Install Inspect 

Replace Composite Test 

Repair/Overhaul Align 

Protect Store 

Service Handle 

Clean Monitor 

Purge 

Resupply tasks shall consider both the transfer of liquids and the 
transfer of solids. 

b.  Phase 2 - Prototype Design, Build, and Ground Development 
Tests - Prototype and ground tests shall be performed for all tasks 
where the flight environment does not influence the results. Vari- 
ous simulation techniques will b e  employed. 

c, Fhase 3 - Flight Design, Build, and Development Tests - 
F l i g h t  t e s t s  s h a l l  be performed for all tasks where the results 
can-he influenced by the peculiarities of the environment, such as 
i n  a zero-g environment. In addition, a separate test shall be 
conducted to verify that the results of the ground tests are not 
influenced by the flight environment. 

4 , t  o f  Zero-g Fluid Transfer Methods 

The objectives of the fluid transfer tests will be to verify 
predicted performance, investigate and resolve any design uncer- 
tainties, and, if possible, establish empirical criteria where 
exis t ing  data are found to be inadequate for the blowdown method. 
The t e s t  plan  will outline the types of tests to be performed, the 
purpose f o r  performing the tests, hardware required, test condi- 
t iena and procedures, number of tests, data to be collected, ex- 
pected reiults, and the test schedule. If propellant simulants 
are reemmended far any portion of the experimental program, their 
UOB will be justified by showing how their use will be beneficial 
and haw meaningful results will be obtained. 
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The two b a s i c  types  of tests t o  be considered are ground eval- 
u a t i o n  tests and o r b i t a l  experiments .  Ground e v a l u a t i o n  tests 
inc lude  l -g  bench tests; drop-tower tests; and KC-135 a i r c r a f t  
tests. Minus l -g  outf low tests, where t h e  tank  i s  i n v e r t e d  and 
l i q u i d  i s  outflowed from t h e  o u t l e t  a t  t h e  top of t h e  tank ,  are 
inc luded  i n  t h e  l-g bench tests. 

Under a c u r r e n t  program, Cont rac t  NAS9-10480, w e  are e v a l u a t i n g ,  
des igning ,  and d e l i v e r i n g  a p a s s i v e  c o n t r o l  system f o r  t h e  s u b c r i t -  
i c a l  s t o r a g e  and out f low of cryogens i n  t h e  space  environment.  
This  e f f o r t  i n c l u d e s  t h e  formula t ion  of a d e t a i l e d  ground evalua-  
t i o n  tes t  p l a n  t o  v e r i f y  system performance, which w i l l  be bene- 
f i c i a l  t o  t h e  proposed APS program. 

An a t tempt  w i l l  be made t o  d e v i s e  ground tes ts  t h a t  w i l l  con- 
c l u s i v e l y  v e r i f y  t h e  s e l e c t e d  f l u i d  t r a n s f e r  concepts .  Cer ta in  
a s p e c t s  of t h e  system t h a t  are c r i t i c a l  t o  s a t i s f a c t o r y  o p e r a t i o n  
and t h a t  cannot be v e r i f i e d  o r  proven w i t h i n  t h e  c a p a b i l i t y  of t h e  
ground tes t  f a c i l i t i e s  w i l l  be c l e a r l y  i d e n t i f i e d ,  and t h e i r  
imp l i ca t ions  w i l l  be d iscussed  re la t ive t o  s u c c e s s f u l  o p e r a t i o n  of 
t he  t r a n s f e r  system. The s p e c i f i c  requirements  f o r  conduct ing a 
meaningful o r b i t a l  experiment w i l l  be inco rpora t ed  i n t o  an o r b i t a l  
test p l an .  The d a t a  r equ i r ed  and t h e  manner i n  which t h e  d a t a  
w i l l  be used t o  achieve  t h e  in tended  o b j e c t i v e  w i l l  be f i r m l y  
e s t a b l i s h e d .  A g o a l  w i l l  be t o  ma in ta in  s i m p l i c i t y  wh i l e  provid ing  
a minimum volume and weight package wi thout  s a c r i f i c i n g  t h e  v a l i d i -  
t y  of  t h e  r e s u l t s .  With t h e s e  requirements  i n  mind, t h e  test  
package des ign ,  i n s t rumen ta t ion  requi rements ,  exper imenta l  proce- 
d u r e s ,  and d a t a  a c q u i s i t i o n  methods can be determined.  These v a r i a -  
b l e s  permi t  d e f i n i t i o n  of t h e  r equ i r ed  o p e r a t i o n a l  cond i t ions .  

5 .  Development o f  Capillary Screens for Cryogens 

Cont ro l led  experiments  are r equ i r ed  f o r  screen expu l s ion  sys -  
t e m s .  We recommend t h a t  a s tudy  program be i n i t i a t e d  t o  develop 
p r a c t i c a l  c l ean ing  methods, f i l l i n g  techniques ,  and gaging tech- 
n iques  * 

6. Development o f  Maintainable Components 

To d a t e ,  space  f l i g h t  p ropu l s ion  hardware has  been designed 
wi th  only  two main c r i t e r i a :  optimum performance and l i gh twe igh t  
des ign .  None of t h e  components developed t o  d a t e  have been de- 
s igned  f o r  i n f l i g h t  maintenance, which i s  a b a s i c  requirement  on 
t h e  Space S t a t i o n .  The r e l i a b i l i t y  r e q u i r e d  by a long-term space 
miss ion  cannot be achieved u n l e s s  t h e  c a p a b i l i t y  e x i s t s  t o  r e p l a c e  
o r  r e p a i r  components. 
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One method of reducing s p a r e s  and p i e c e  p a r t s  i s  t o  have com- 
mon components f o r  l ike  f u n c t i o n s ;  t h a t  i s ,  t o  des ign  components 
t h a t  f u n c t i o n  f o r  several systems,  r a t h e r  t han  f o r  a p a r t i c u l a r  
system. Another c o n s i d e r a t i o n  i s  t o  use  a common va lve  body f o r  
several func t ions ,  such as f o r  a shu to f f  va lve ,  r e g u l a t o r ,  check 
va lve ,  e t c .  This  l a t te r  approach would s t a n d a r d i z e  t h e  valve 
body, which h a s  t h e  l a r g e s t  area and weight of a valve assembly, 
and could l e a d  t o  a cons ide rab le  sav ings  i n  terms of reduced 
spares. 

Components designed i n t o  a s i n g l e  compact module would reduce 
weight ,  l eakage  p a t h s ,  and a l low t h e  replacement of e i t h e r  a s i n g l e  
component o r  t h e  e n t i r e  module. 
modular concept w a s  i n i t i a t e d  by t h e  Navy. Although t h e  r equ i r e -  
ments w e r e  n o t  e x a c t l y  t h e  same, they  d id  e s t a b l i s h  t h a t  components 
could be  e f f i c i e n t l y  combined i n t o  a subsystem module. 

A des ign  program similar t o  t h e  

We recommended t h a t  a program be i n i t i a t e d  t o  des ign  and test  
r e p r e s e n t a t i v e  p ropu l s ion  components t h a t  r e q u i r e  minimum i n f l i g h t  
maintenance. 

7 .  Development o f  Fluid F i t t i n g s  

Today's technology f o r  s e p a r a b l e  f l u i d  connec tors  i s  d i r e c t e d  
toward u l t r a t i g h t  s e a l i n g  c h a r a c t e r i s t i c s  a t  extreme temperatures  
and p r e s s u r e s .  F l u i d  f i t t i n g s  designed Tor i n f l i g h t  maintenance 
r e q u i r e  a d i f f e r e n t  set of cri teria.  They must seal a f t e r  repea ted  
assembl ies  and d i sa s sembl i e s ;  t h e  t h r e a d s  must n o t  g a l l ;  and t h e  
seal  must be r e p a r a b l e ,  r e q u i r e  s imple  t o o l s  f o r  assembly, and 
provide reasonable  s e a l i n g  c h a r a c t e r i s t i c s .  A des ign  and tes t  
program should be  i n i t i a t e d  t o  provide  f i t t i n g s  t h a t  w i l l  meet 
t h e s e  cr i ter ia  f o r  i n f l i g h t  maintenance. 

8. Development o f  Long-Life Test Program 

Accelera ted  t e s t i n g  i s  n o t  an accepted  method of demonstrat ing 
t h e  l i f e  and r e l i a b i l i t y  of a component used i n  a long-durat ion 
miss ion .  Q u a l i f i c a t i o n  d a t a  cannot  be  obta ined  when t h e  real t i m e  
a v a i l a b l e  f o r  t e s t i n g  i s  less than  t h e  miss ion  d u r a t i o n ,  It i s  a 
f a c t  t h a t  t h e  m a j o r i t y  of t h e  components t h a t  w i l l  be  used an t h e  
Space S t a t i o n  have n o t  demonstrated t h e  long-term r e l i a b i l i t y  tha t  
w i l l  be  r equ i r ed  f o r  t h e  10-yr miss ion ,  We recommend t h a t  1 
demonstrat ion tests commence as soon as p o s s i b l e  on b a s i c  eomponents 
and materials so  t h a t  l o n g - l i f e  r e l i a b i l i t y  d a t a  can  be ga ined  be- 
f o r e  t h e  Space S t a t i o n  miss ion .  Th i s  test  program would a l s o  serve 
t o  c o r r e c t  b a s i c  des ign  d e f i c i e n c i e s  t h a t  on ly  show up i n  an  ex- 
tended d u r a t i o n  test .  
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B. THRUST CHAMBER ASSEMBLY 

Several advanced technology programs are recommended t o  f u r -  
t h e r  reduce t h e  maintenance r e p a i r  and resupply  requirements  of 
a hybr id  A P S .  During t h i s  s tudy ,  many a l t e r n a t i v e  des ign  ap- 
proaches were eva lua ted ,  b u t  on ly  those  t h a t  r ep resen ted  demon- 
s t r a t e d  technology were r e t a i n e d  f o r  f i n a l  s e l e c t i o n .  However, 
s e v e r a l  of t h e  systems r e j e c t e d  on t h e  b a s i s  of t h e i r  technology 
s t a t u s  promise s i g n i f i c a n t  improvements i n  maintenance wi thou t  
ex tens ive  development, Long-term manned space  miss ions  t h a t  i n -  
vo lve  i n f l i g h t  maintenance r e p r e s e n t  a s i g n i f i c a n t  d e p a r t u r e  from 
convent iona l  des ign  approaches.  Therefore ,  tests t o  demonstrate  
t h e  e f f e c t i v e n e s s  of t h e  s e l e c t e d  maintenance approaches are very 
important  t o  t h e  long-term success  of an  A P S  aboard a manned Space  
S t a t i o n ,  'Three b a s i c  programs a r e  recommended t o  demonstrate  t h e  
e f f e c t i v e n e s s  of s e l e c t e d  maintenance, r e p a i r ,  and resupply  ap- 
proaches f o r  10-yr aboard a manned Space S t a t i o n  and t o  ex tend  
t h e  s t a t e -o f - the -a r t  f o r  f u r t h e r  r educ t ions  i n  maintenance r equ i r e -  
ments. 

1, Demonstration - .  - o f  Low-Pressure, Radiation-Cooled Hybrid Motors 

Hybrid ndtsrs have r o u t i n e l y  been t e s t e d  a t  a chamber p r e s s u r e  
of mi  s tnosphe re ,  and boundary l a y e r  c h a r a c t e r i s t i c s  have been 
s t u d i e d  i n  a number a f  ca ses .  S f m i l a r l y ,  f i l m  coo l ing  and r a d i a -  
t i o n  cooling have been used i n  l i q u i d  engines  f o r  y e a r s .  
no ques t ion  t h a t  a hybr id  b a l l i s t i c s  p ropu l s ion  system can be 

fored  t o  achieve  fang nozz le  l i f e  by combining low-pressure 
ope ra t ion  wi th  f i l m  and r a d i a t i o n  coo l ing .  However, t h e r e  are 
several important  unknown areas t h a t  could i n c r e a s e  o r  dec rease  
motor maintenance requi rements .  Some of t h e s e  areas are: 

There i s  

1) What i a  the  maximum motor performance t h a t  i s  con- 

2 )  

3 )  

4 )  

aisteat wi th  long nozz le  l i f e ?  

What ef fec t ;  does r epea ted  tempera ture  cyc l ing  have on 
the  MoSi2 p r o t e c t i v e  coa t ing?  

Wsuld motor burnout  wi thout  f u e l  d e p l e t i o n  w i r e s  
damage t h e  MoSi.2 c s a t i n g ?  

What e f f s c t  does long-term s t o r a g e  i n  space, w i t h  
repea ted  v i b r a t i o n  and o x i d i z e r - r i c h  i g n i t i o n  t r a n -  
s ientE5 have on t h e  MoSi2 coa t ing?  
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The answers t o  t h e s e  ques t ions  can  have an  impor tan t  e f f e c t  on 
the  maintenance and resupply requirements  f o r  a hybr id  A P S ,  and 
they should be p rope r ly  eva lua ted  i n  a t e s t  program. 

2. Complete Ba l l i s t i c  Characterization of G O X / ( P M M / P B D )  i n  the 
Selected Motor 

The hybr id  AF'S des ign  i s  unusual  due t o  t h e  extremely long 
burntime. The o x i d i z e r  mass f l u x  (and consequent ly  the  f u e l  re- 
g r e s s i o n  ra te)  varies over  a wide range dur ing  motor ope ra t ion .  
Although a number of tests have been conducted wi th  t h e  s e l e c t e d  
p r o p e l l a n t s  i n  s m a l l  motors,  many more tests w i l l  be  r equ i r ed  t o  
completely c h a r a c t e r i z e  t h i s  p r o p e l l a n t  system. Precise informa- 
t i o n  on t h e  e f f e c t s  of o x i d i z e r  mass f l u x ,  chamber p r e s s u r e ,  
i n j e c t o r  c o n f i g u r a t i o n ,  and f u e l  g r a i n  des ign  i s  necessary  t o  
a c c u r a t e l y  d e f i n e  motor ope ra t ing  c h a r a c t e r i s t i c s .  Achieving 
lower minimum reg res s ion  rates would i n c r e a s e  t h e  maximum t o t a l  
impulse o r  permi t  sho r t e r / l ower  t h r u s t  motors w i th  t h e  same t o t a l  
impulse.  T rans i en t  response i s  a l s o  an important  ope ra t ing  
c h a r a c t e r i s t i c  and should be  eva lua ted  as a f u n c t i o n  of f u e l  burn- 
back p o s i t i o n .  

3. Advanced, Low-Maintenance Ignition Concepts 

Seve ra l  advanced, low-maintenance i g n i t i o n  concepts  were 
eva lua ted  dur ing  the  s tudy .  The s e l e c t e d  approaches use  demon- 
s t r a t e d  technology t o  achieve  s a f e ,  r e l i a b l e  i g n i t i o n  of bo th  t h e  
ACS and sp in /desp in  motors.  Hybrid motors ,  though extremely s a f e ,  
are r e l a t i v e l y  easy  t o  i g n i t e  once t h e  o x i d i z e r  i s  in t roduced  i n t o  
t h e  combustion chamber. Both s e l e c t e d  i g n i t i o n  approaches use 
chemical energy t o  h e a t  t h e  oxygen and i n i t i a t e  t h e  hybr id  combus- 
t i o n  process .  The ACS motors burn a s m a l l  amount ( ~ 1  gm) of pro- 
pane wi th  GOX f o r  i g n i t i o n ,  wh i l e  t h e  s p i n / d e s p i n  motors mix w a r m ,  
f u e l - r i c h  i g n i t e r  p roduc t s  w i th  LOX t o  achieve  i g n i t i o n .  However, 
t h e  use  of a pu re ly  e l e c t r i c a l  i g n i t i o n  system would e l i m i n a t e  the  
problems of propane s t o r a g e  and d i s t r i b u t i o n ,  as w e l l  as i g n i t e r  
s t o r a g e  and handl ing ,  

One of t h e  unique a s p e c t s  of t h e  p r e s e n t  miss ion  from t h e  
s t a n d p o i n t  of i g n i t i o n  i s  t h e  a v a i l a b i l i t y  ( i f  no t  abundance) of 
e l e c t r i c a l  power. 
Chapter IV i s  t h e  s a f e s t ,  most r e l i a b l e  i g n i t i o n  system s t u d i e d .  
This  approach w a s  n o t  s e l e c t e d  because o rd ina ry  p ropu l s ion  systems 
do n o t  c a r r y  t h e  r equ i r ed  e l e c t r i c a l  power and because t h e  elec- 
t r i c a l l y  heated o x i d i z e r  approach has  never  been demonstrated.  

The hea ted  o x i d i z e r  l i n e  approach d i scussed  i n  
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However, a resistance heating element or a spark discharge can be 
used to heat the oxidizer to about 810°K (lOOO°F), and this appears 
to be a straightforward extension of existing technology. 

We recommend that a development program be initiated to demon- 
strate a purely electrical ignition of a GOX or LOX hybrid motor. 
Prime design objectives would be safety, low maintenance, high 
reliability, minimum size and weight, and low power consumption, 
ACS motor ignition should require heating the GOX to 810°K (1000°F) 
for a period of no more than 0.100 to 0.200 sec. 

The total electrical energy required for ignition [0.0007 
kwh per'start, or 0.026 kwh per ACS motor fuel grain (assuming 
10-sec burns)] is insignificant compared to the 0.56 kwh required 
to properly illuminate (per MIL-STD-1472) the A P S  room during the 
45 minutes of ACS motor refurbishment. However, the instantaneous 
power levels are relatively high. Fortunately there are several 
design approaches that can reduce power requirements by an order 
of magnitude and thus greatly simplify an electrical ignition sys- 
tem. Candidate design approaches should be studied and the most 
promising concepts should be evaluated in actual hybrid ignition 
tests 


