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STATUS OF ADVANCED PROPULSION FOR SPACE 

BASED ORBITAL TRANSFER VEHICLE 

La r ry  P. Cooper and Dean D. Scheer 
Na t iona l  Aeronautics and Space A d m i n i s t r a t i o n  

Lewis Research Center 
Cleveland, Ohio 44135 

SUMMARY 

A new O r b i t a l  l r a n s f e r  Veh ic le  (OTV) p r o p u l s i o n  system w i  1 be r e q u - r e d  
t o  meet the  needs o f  space missions beyond t h e  mid-1990's.  As  envis ioned, the  
advanced OTV w i l l  be used i n  con junc t ion  w l t h  e a r t h - t o - o r b i t  veh ic les ,  Space 
S t a t l o n ,  and O r b i t  Maneuvering Vehicle. l h e  OTV w i l l  t r a n s f e r  men, l a r g e  space 

o r b i t s .  Space probes c a r r i e d  by the OTV w i l l  con t inue t h e  e x p l o r a t i o n  o f  t he  

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

03 s t r u c t u r e s ,  and convent iona l  payloads between low e a r t h  and h igher  energy 
M 
(v 
M 

w 
I s o l a r  system. When luna r  bases a re  es tab l i shed,  t he  OTV w i l l  be t h e i r  t r a n s -  

NASA i s  c u r r e n t l y  fund ing  t h e  development o f  technology f o r  advanced pro-  
p u l s i o n  concepts f o r  f u t u r e  O r b i t a l  Transfer Vehic les.  Progress i n  key areas 
d u r i n g  1986 i s  presented. 

I N T R O D U C l  I O N  

As  expressed i n  "The Report o f  the Na t iona l  Commission on Space" ( r e f .  1) 
we may w e l l  see the  p ioneer ing  o f  t h e  space F r o n t i e r  over the  next f i f t y  years.  
One o f  t he  major space t r a n s p o r t a t i o n  system r e q u i  rements es tab l i shed  by the 
Commission was round t r i p  t r a n s f e r  beyond low e a r t h  o r b i t  u t i l i z i n g  an O r b i t a l  
T rans fe r  Vehic le.  

As shown i n  f i g u r e  1, t he  O r b i t a l  T rans fe r  Veh ic le  (OTV) I s  a key element 
o f  t h e  envis ioned space i n f r a s t r u c t u r e  o f  t he  1990's and beyond. Other e l e -  
ments i n c l u d e  t h e  Space S t a t i o n ,  O r b i t  Maneuvering Vehic le,  and a v a r i e t y  o f  
e a r t h - t o - o r b i t  veh ic les .  l n  t h i s  scenario, the O r b i t a l  T rans fer  Veh ic le  would 
be reusable and opera te  p r i m a r i l y  between l o w  e a r t h  o r b i t  and geosynchronous 
o r b i t .  The m a j o r i t y  of i t s  missions would be f o r  d e l i v e r y  o f  s a t e l l i t e s  and 
manned s e r v i c i n g  i n  geosynchronous o r b i t .  
t r a n s p o r t a t i o n  mode between the  ear th  and moon and would p l a c e  p lane ta ry  probes 
on t h e i r  t r a n s f e r  t r a j e c t o r i e s .  

l n  a d d i t i o n ,  i t  would serve as the  

lo prepare f o r  t h e  needs o f  f u tu re  O r b i t a l  T rans fer  Vehic les,  NASA i n  1981 
The o b j e c t i v e  o f  t h i s  i n i t i a t e d  an Advanced OTV Propuls ion Technology Program. 

program i s  t o  e s t a b l i s h  by the e a r l y  199O's, t he  technology base f o r  a h i g h  
performance, m u l t i p l e  r e s t a r t ,  va r iab le  t h r u s t ,  o r b i t a l  t r a n s f e r  p r o p u l s i o n  
system which cou ld  be man-rated, space o r  ground based, and compat ib le w i t h  
a e r o a s s l s t  maneuver concepts. This paper reviews ongoing NASA sponsored 
e f f o r t s  t o  advance OTV p ropu ls ion  technology. 



ORBIlAL TRANSFER VEHICLE PROPULSION 

The Advanced OTV Propulsion Technology Program is currently pursuing key 
technologies for three concepts for advanced OTV engines. These concepts and 
key technologies were defined in studies completed i n  1983 and subsequently 
updated i n  1986 by Aerojet General, Aerojet Techsystems Company; Rockwell 
International, Rocketdyne Division; and United Technologies, Pratt 8, Whitney. 
These engines reflect the Program requirements as shown in Table I. The pro- 
pellants are limited to cryogenic hydrogen-oxygen and total vehicle vacuum 
thrust level is between 10 000 to 25 000 lb  with multiple engines. In addition 
to these specific requirements, several goals have been established reflecting 
desirable characteristics for an advanced engine. These goals are listed i n  
table 11. In total, they represent a set of highly ambitious characteristics, 
and were established as technical challenges to generate options and tradeoffs, 
since all goals may not be achievable singularly or concurrently. The ration- 
ale which led to the specific numerical requirements and goals are discussed 
in reference 2. 

lhe three engine concepts are summarized below with changes from the 1983 
configurations noted. 

Aerojet Tec hSys terns Company 

A 3000 l b  thrust propellant expander cycle engine was selected in 1983 
(ref. 3). The thrust level of the updated engine has been increased from 
3000 lb to 7500 lb to reflect the general preference for dual engine confjgu- 
rations (refs. 4 to 6) rather than the six engine concept proposed earlier. 
The engine's specific Impulse is predicted to be in excess o f  480 s at a mix- 
ture ratio of 6.0 and is obtained through utilizing a chamber pressure of 
2000 psia and a nozzle area ratio of 1OOO:l. 
replaced by an extendible portion and the area ratio has been reduced from 
1200:l to maintain overall engine length at 60 in. i n  the retracted position. 

The fixed nozzle has been 

The f l o w  schematic o f  the Aerojet concept is shown in figure 2. lhe key 
feature of the dual propellant expander cycle is that both hydrogen and oxygen 
are used to drive their respective turbopumps. This approach enables a higher 
chamber pressure to be obtained than with the conventional hydrogen expander 
for this engine thrust size. It also elimiitates interpropellant seals i n  the 
oxidizer turbopump and could eliminate inert gas on the OTV to purge interpro- 
pellant seals. 

The critical technology issues identified for this engine concept are the 
hazard of explosion or combustion of oxygen turbine materials exposed to the 
warm gaseous oxygen and the dual propellant cooled annular thrust chamber. 

Roc k e t d y rt e 

A 15 000 lb thrust hydrogen expander cycle with hydrogen regeneration was 
baselined i n  1983 (ref. 7). The concept has been resized from 15 000 lb  to 
7500 l b  thrust to accommodate the preferred dual engine configurations. 
mixture ratio of 6.0, the concept has a predicted specific impulse in excess 
of 480 s with a chamber pressure of 1831 psla and an extendible nozzle of 1080 
area ratio. 

At a 

The nozzle has been reduced to a single extendible section to 
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reduce complex i ty  and t h e  area r a t i o  has been reduced t o  m a i n t a i n  t h e  o v e r a l l  
engine l e n g t h  below 120 i n .  when the nozz le  i s  deployed. 

The p r o p e l l a n t  f l o w  schematic f o r  t h i s  expander c y c l e  i s  shown i n  f i g -  
u r e  3. Key fea tu res  i d e n t i f i e d  as technology issues  a r e  chamber heat e x t r a c -  
t i o n  and l i f e  enhancements f o r  l o n g i t u d i n a l  r i b s  on t h e  hot-gas s i d e  and f i n s  
i n  t h e  coo lan t  channels and advanced turbomachinery concepts such as a two- 
stage p a r t i a l  admission t u r b i n e  and s o f t  wear r i n g  seals.  

P r a t t  & Whitney 

The 1983 P r a t t  & Whitney base l ine  was a hydrogen expander c y c l e  w i t h  
hydrogen regenera t ion  a t  a t h r u s t  l e v e l  o f  15  000 l b  ( r e f .  8) .  Th is  concept 
has a l s o  been res i zed  f rom 15 000 l b  t o  7500 l b  t o  accommodate the  p r e f e r r e d  
dual  engine c o n f i g u r a t i o n s .  A t  a m ix tu re  r a t i o  o f  6.0, p r e d i c t e d  s p e c i f i c  
impulse i s  s l i g h t l y  l e s s  than 480 s w i t h  a chamber p ressure  o f  1210 p s i a  and a 
s i n g l e  s e c t i o n  e x t e n d i b l e  nozz le  of  600 area r a t i o .  

l h e  p r o p e l l a n t  f l o w  schematic f o r  t h e  P r a t t  & Whitney concept i s  shown 
i n  f i g u r e  4. A unique f e a t u r e  o f  t h i s  concept i s  t he  hydrogen cooled gear 
t r a i n  i n  the turbopump assembly which synchronizes the  main oxygen and f u e l  
pumps and d r i v e s  the  low speed boost pumps. Key technology issues  i n  t h i s  
concept a re  heat e x t r a c t i o n  c a p a b i l i t y  and l i f e  o f  t he  t h r u s t  chamber and l i f e  
o f  t h e  hydrogen cooled gear t r a i n .  

1 ECHNOLOGY PROGRAMS 

Based upon the  engine concepts and i d e n t i f i e d  technology needs, a compre- 
hensive e f f o r t  was begun i n  1983 t o  demonstrate technology readiness o f  each 
concept f o r  a Design, Development, Test, and Engineer ing (DOT&€)  program i n  
the  e a r l y  1990's. H i g h l i g h t s  o f  1986 advancements i n  key technology areas a r e  
summarized below. 

Tu r bomac h i ne r y 1 e c h n o 1 og y 

- P a r t i a l  -_-- admission t u r b i n e .  - The Rocketdyne des ign  i nco rpo ra tes  a twostage 
p a r t i a l  admission t u r b i n e  i n  t h e  f u e l  turbopump. A s e r i e s  o f  t e s t s  and ana ly -  
ses have been completed t o  v e r i f y  the a n a l y t i c a l  design p r e d i c t i o n s ,  update the  
p r e d i c t i o n  methodologies, and provide a base l i ne  da ta  set  f o r  comparison w i t h  
f u t u r e  enhancements o f  t he  t u r b i n e .  The t e s t s  were conducted i n  n i t r o g e n  and 
inc luded  v a r i a t i o n s  i n  t h e  degree o f  t u r b i n e  admission and nozz le  a n g u l a t i o n  on 
performance. Resul ts o f  these t e s t s  a re  shown i n  f i g u r e s  5 and 6 .  Performance 
o f  t h e  t u r b i n e  a t  the design c o n d i t i o n  ( h i g h e s t  admission f r a c t i o n s  and a 
v e l o c i t y  r a t i o  of 0.286) was approximately 11 percent  h igher  than o r i g i n a l l y  
p r e d i c t e d .  This i s  most l i k e l y  a r e s u l t  o f  windage losses being lower than 
expected. E f f e c t s  and trends of nozzle arc  o f  admission v a r i a t i o n  were gener- 
a l l y  as expected w i t h  t h e  lowest  performance c o i n c i d e n t  w i t h  t h e  lowest a r c  o f  
admission. I n  a d d i t i o n ,  l a r g e  dev ia t i ons  f rom t h e  design p o i n t  nozz le - to -  
nozz le  angu la t i on  s e t t i n g  produced the lowest performance. 

- S o f t  --.-- wear r i n g  seals.  - I n  order t o  ma4ntain h i g h  turbopump performance 
w i t h  l ong  opera t i ona l  l i f e ,  Rocketdyne I s  cons ide r ing  the use o f  turbopump 
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sea ls  manufactured f rom p l a s t i c  m a t e r i a l s .  
c learances w i t h  s i g n i f i c a n t l y  reduced r i s k s  due t o  rubs. Polyurethane m a t e r i -  
a l s  a r e  candidates f o r  l i q u i d  hydrogen s e r v i c e  and po ly lmides  f o r  l i q u i d  oxygen 
and warm gaseous hydrogen. I n i t i a l  screening o f  m a t e r i a l s  f o r  oxygen s e r v i c e  
has been completed. The screening cons is ted  of impact, a u t o i g n i t i o n ,  and pro-  
moted i g n i t i o n  t e s t s  i n  oxygen. Shown i n  f i g u r e  7 a r e  burn r a t e  r e s u l t s  as 
determined f rom the promoted i g n i t i o n  t e s t s .  Data f rom these t e s t s  have been 
i n c o r p o r a t e d  i n t o  a model o f  sea l  r u b  energy d i s s i p a t i o n  w i t h i n  t h e  r o t o r  t o  
s t a t o r  system. This model p rov ides  a r a n k i n g  of  seal  m a t e r i a l s  based upon t h e  
turbopump environmental f a c t o r s  and upon t h e  m a t e r i a l  c h a r a c t e r i s t i c s  o f  the  
seals,  r o t o r ,  and s t a t o r .  E v a l u a t i o n  o f  t h e  sea l  m a t e r i a l s  i s  now underway i n  
a f r i c t i o n  rubbing t e s t e r ,  f i g u r e  8. Rubbing v e l o c i t i e s  up t o  150 fps ,  loads 
t o  25 p s i  and oxygen pressures t o  300 p s i  can be obta ined.  

These seals  would p e r m i t  t i g h t e r  

Oxygen turbopump bear ings.  - Bear lng l i f e  i n  e x i s t i n g  reusable r o c k e t  
engines have f a l l e n  f a r  s h o r t  o f  t h e  goals f o r  OTV engine program. 
i n c o r p o r a t e d  h y d r o s t a t i c  bear ings i n t o  t h e i r  concepts o f  f u e l  and o x i d i z e r  
turbopumps. These bear ings have been shown i n  l a b o r a t o r y  t e s t s  t o  have v i r t u -  
a l l y  u n l i m i t e d  l i f e  when meta l  on metal  c o n t a c t  i s  e l i m i n a t e d .  The c r i t i c a l  
oxygen turbopump bear ings a r e  be ing  evaluated i n  a b e a r i n g  t e s t e r  which c l o s e l y  
resembles t h e  turbopump. Components o f  t h e  t e s t e r  a r e  shown i n  f i g u r e  9 p r i o r  
t o  assembly. Figure 10 i s  a c r o s s - s e c t i o n a l  v iew o f  t h e  t e s t e r .  I n i t i a l  t e s t s  
i n  n i t r o g e n  a r e  I n  progress t o  demonstrate r o t o r  suppor t  system i n t e g r i t y ,  and 
p r o v i d e  da ta  f o r  v e r i f i c a t i o n / u p d a t e  o f  a n a l y s i s  methods. Subsequent t e s t s  
i n v o l v i n g  f l u i d  changes f rom n i t r o g e n  t o  oxygen and component changes which 
evo lve  t h e  t e s t e r  i n t o  a turbopump f o r  performance t e s t i n g  a r e  planned f o r  l a t e  
1986. 

A e r o j e t  has 

Oxygen compat ib le turbopump m a t e r i a l s .  - The A e r o j e t  engine concept u t i -  
l i z e s  a gaseous oxygen d r i v e n  t u r b i n e  f o r  t h e  oxygen pump. Exper ience has 
shown t h a t  rubs I n  h i g h  pressure gaseous oxygen can r e s u l t  i n  c a t a s t r o p h i c  
f a i l u r e  o f  t h e  turbopump. 
o thers .  A rank ing methodology based on t h e  m a t e r i a l  burn  f a c t o r  has been pre-  
v i o u s l y  v a l i d a t e d  i n  t h i s  program ( r e f .  9 ) .  
o f  i d e n t i c a l  mater ia ls .  Extens ion o f  these r e s u l t s  t o  rubb ing  o f  d i s s i m i l a r  
meta ls  has now been completed. I t  was o r i g i n a l l y  p o s t u l a t e d  t h a t  rubb ing  a 
m a t e r i a l  w i t h  a l o w  burn f a c t o r  a g a i n s t  one w i t h  a h igher  burn f a c t o r  cou ld  
s i g n i f i c a n t l y  increase t h e  temperature f o r  i g n i t i o n .  The lower burn f a c t o r  
m a t e r i a l  would be an improved heat s i n k  f o r  t h e  rub  energy as compared t o  rub- 
b i n g  i d e n t i c a l  mater ia ls .  The r e s u l t s  o f  t h e  d i s s i m i l a r  meta ls  e v a l u a t i o n  a r e  
t a b u l a t e d  i n  tab le  111. I n  genera l ,  i t  has been found t h a t  t h e  i g n i t i o n  char-  
a c t e r i s t i c s  of d i s s i m i l a r  m a t e r i a l s  a r e  dominated by t h e  most i g n i t a b l e  o f  t h e  
m a t e r i a l s .  A d d i t i o n a l  heat  s i n k  capac i ty  i s  apparent ly  unable t o  remove energy 
r a p i d l y  enough t o  prevent  i g n i t i o n  i n i t i a t i o n  i n  t h e  more s u s c e p t i b l e  m a t e r i a l .  
I n t r o d u c t i o n  o f  h i g h l y  burn r e s i s t a n t  metals as  one o f  t h e  rubb ing  sur faces 
appears o f  l i t t l e  va lue i n  p r e v e n t i n g  i g n i t i o n .  

Some m a t e r i a l s  a r e  more prone t o  i g n l t i o n  than 

Those r e s u l t s  were f o r  t h e  rubb ing  

Combustion Devices Technology 

energy f rom heat ex t rac ted  f rom t h e  chamber and nozz le.  
e x t r a c t e d  provides f o r  t h e  h i g h e s t  chamber pressures and s m a l l e s t  engine 
envelop f o r  a given expansion r a t i o .  
i s  t o  p r o v i d e  r i b s  on t h e  h o t  gas s i d e  of t h e  chamber t o  inc rease t h e  a v a i l a b l e  
sur face area and enhance t h e  heat  t r a n s f e r  c o e f f i c i e n t  over t h e  smooth w a l l  

Combustion chamber r i b s .  - I h e  expander c y c l e  d e r i v e s  i t s  turbopump d r i v e  
Maximizing t h e  energy 

One method t o  inc rease energy e x t r a c t i o n  
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c o n d i t i o n .  Eva lua t i on  o f  t h i s  concept w i t h  h o t  a i r  t e s t s  was completed by 
Rocketdyne ( r e f .  10) .  Extension o f  t he  t e s t  r e s u l t s  t o  h o t  f i r e  c o n d i t i o n s  has 
now been a n a l y t i c a l l y  assessed. The h o t  a i r  data were e x t r a p o l a t e d  by i n c o r -  
p o r a t i n g  c o r r e c t i o n s  f o r  dens i t y ,  v e l o c i t y ,  heat capac i t y ,  and c o m p r e s s i b i l i t y .  
A s  shown i n  f i g u r e  11, enhancement o f  over 40 percent i n  energy e x t r a c t i o n  i s  
a n t i c i p a t e d  f o r  the best  c o n f i g u r a t i o n .  F a b r i c a t i o n  o f  a r i bbed  c a l o r i m e t e r  
chamber i s  now i n  progress.  Tes t ing  t o  v a l i d a t e  the  h o t  f i r e  p r o j e c t i o n s  I s  
expected t o  beg in  i n  1987. 

Coolant channel enhancement. - Low c y c l e  f a t i g u e  o f  t h e  t h r u s t  chamber i s  
one o i  severa l  l i f e  l i m i t i n g  phenomena i n  rocke t  engines. Chamber l i f e  can be 
increased by reduc ing  the  chamber w a l l  temperature. However, t h i s  must be done 
w i t h o u t  reduc ing  t h e  t o t a l  amount o f  energy e x t r a c t e d  i n  o rder  t o  m a i n t a i n  the  
expander c y c l e  performance l e v e l .  Enhancing t h e  c o o l a n t  passage heat t r a n s f e r  
has been proposed by Rocketdyne. Candidate channel geometries have been e v a l -  
uated based on s t r u c t u r a l  d u r a b i l i t y ,  coo lan t  pressure drop, p r o d u c i b i l i t y ,  and 
heat load enhancement. Several scale model c o n f i g u r a t i o n s  were a i r  f l o w  tes ted  
by Rocketdyne as shown i n  f i g u r e  12. Resul ts o f  these t e s t s  a re  shown i n  f i g -  
u r e  13, scaled f o r  hydrogen a t  t h e  proper cond i t i ons  a t  t h e  end o f  t h e  combus- 
t o r  c y l i n d r i c a l  sec t i on .  As compared t o  t h e  re fe rence rec tangu la r  channel, t h e  
channel w i t h  a s i n g l e  h i g h  f i n  reduced t h e  w a l l  temperature by approximately 
40 O F  a t  the  design ho t  f i r e  cond i t i on .  Ca lor imeter  chambers w i t h  enhanced 
c o o l a n t  passages a r e  be ing  f a b r i c a t e d  and a re  t o  be t e s t e d  i n  1987. 
s tep  w i l l  be t o  combine t h e  r i b  and f i n  c o n f i g u r a t i o n  i n t o  a t h r u s t  chamber f o r  
t e s t i n g  i n  1988. 

The f i n a l  

Annular t h r u s t  chamber. - The Aero je t  01V engine concept u t i l i z e s  a c y l i n -  
d r i c a l  centerbody i n  t h e  t h r u s t  chamber t o  inc rease t h e  o v e r a l l  su r face  area 
f o r  energy e x t r a c t i o n .  I n i t i a l  eva lua t i on  o f  t h i s  annu lar  t h r u s t  chamber con- 
cep t  has been completed w i t h  heat  s ink hardware. A c r o s s - s e c t i o n a l  view o f  t he  
heat s i n k  chamber and i n j e c t o r  i s  shown i n  f i g u r e  1 4 .  Chamber components a r e  
shown i n  f i g u r e  15. T h i r t y - f i v e  h o t - f i r e  t e s t s  were conducted t o  v e r i f y  t h e  
s t a b i l i t y ,  t h r o t t l e a b i l i t y ,  performance, and heat t r a n s f e r  c h a r a c t e r i s t i c s  o f  
the t h r u s t  chamber assembly. The chamber pressures ranged f rom i d l e  mode con- 
d i t i o n s  (30-35 p s i a )  t o  600 p s l a  wh i l e  m i x t u r e  r a t i o  was v a r i e d  f rom 3 t o  9. 
The chamber was instrumented t o  obta in  a x i a l  heat f l u x  p r o f i l e  a long the  cham- 
ber l eng th .  l y p i c a l  r e s u l t s  as shown i n  f i g u r e  16 revea l  acceptable l e v e l s  o f  
heat f l u x .  l h e  chamber performance exceeded 95 percent  energy re lease  e f f i -  
c i ency  a t  low pressure opera t i on  and approached 100 percent  as the  chamber 
p ressure  was increased. The chamber was s t a b l e  a t  a l l  t e s t  c o n d i t i o n s .  High 
frequency pressure measurements revealed no o s c i l l a t i o n s .  Post t e s t  i n s p e c t i o n  
showed no abnormal d i s c o l o r a t i o n  or s t reak ing .  Prepara t ions  a re  now underway 
t o  extend t e s t  cond i t i ons  t o  2400 ps ia.  A hydrogen cooled t h r o a t  i n s e r t  has 
been completed and w i l l  r ep lace  the heat s ink  t h r o a t .  These t e s t s  a re  expected 
t o  beg in  i n  l a t e  1986. 

Long l i f e  chamber m a t e r i a l s .  - l h e  copper a l l o y  used i n  the Space S h u t t l e  
Main i n g i n e  t h r u s t  chamber has shown a tendency t o  undergo sur face  roughening 
i n  ope ra t i on .  l h i s  leads t o  undesirable heat t r a n s f e r  c o n d i t i o n s  and premature 
f a i l u r e  through w a l l  c rack ing .  Since the 01V engine may r e q u i r e  space based 
i n s p e c t i o n  and maintenance, methods t o  avo id  these m a t e r i a l  r e l a t e d  f a i l u r e s  
i s  d e s i r a b l e .  

One p o t e n t i a l  method t o  produce copper a l l o y s  w i t h  b e t t e r  Low Cycle 
Fa t igue  performance i s  r a p i d  s o l i d i f i c a t i o n  r a t e  powder me ta l l u rgy .  Using t h i s  
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process, materials are produced with supersaturated concentrations of desirable 
agents for enhanced ductility, strength, and microstructure phase stability. 
Copper alloy systems with Chromium, Zirconium, Hafnium, Silver, and with dis- 
persed metal borides and silicides have been Investigated by Pratt 8, Whitney. 
Several pounds of alloys have been produced by atomization, then consolidated, 
processed, and tested for alloy characteristics. 
improved mechanical properties and thermal stab1 1 1  ty. 

Most copper alloys exhibit 

Low cycle fatigue results are shown in figure 17 for a typical copper- 
hafnium alloy as compared to an alloy with composition similar to the alloy 
used in the Space Shuttle Main Engine thrust chamber. 

Close Coupled Component Technology 

Integrated component evaluation. - Complete assessment of the various 
subcomponent and component technologies will require evaluation under realistic 
operating conditions simulating the closely coupled nature of  the expander 
cycle engine. Rocketdyne has provided a baseline system consisting of a thrust 
chamber and turbopump feed system as shown in figure 18. Advanced technology 
features will be incorporated into the system for characterization. Tests to 
establish the baseline turbopump data set have been successfully completed with 
an accumulated run time of 380 sec at pumped idle and moderate power level 
conditions. Hot fire tests have been initiated and have thus far achieved 
chamber operating pressures of 700 psia. 

Integrated control and health monitor>ns (ICHM). - Satisfactory completion 
of the multiple burn OTV missions and the effective maintenance of the engine 
in space will likely require an advanced ICHM system. It will need to monitor 
the engine's health during operation and idle periods, detect imminent fail- 
ures, provide warnings for maintenance needs, and provide adaptive control 
action to delay failure until maintenance can be effected. 

Aerojet and Rocketdyne have completed conceptualization of their ICHM 
systems. The Aerojet approach is shown i n  figure 19. It consists of a four 
level hierarchy. At the top are those features required for control of the 
engine operation. The second layer is dedlcated to detection of major anoma- 
lies which requlre immediate engine shutdown. Next are the functions related 
to detection of anomalies whose effects can be relieved by operation at alter- 
native engine conditions, such as reduced thrust or mixture ratio. The final 
level consists of functions related to trend monitoring, analysis, and record- 
ing. This level provides guidance for between flight and maintenance needs. 
Evaluation of engine failure modes has also been completed. Shown in table IV 
are the modes, sensors, and corrective actions identified for the Rocketdyne 
turbopump concept. 

Space operable disconnects. - A key element of the reusable OTV engine is 
the concept o f  space maintenance. It is posjible that some element of the 
engine will deteriorate or fail prior to reaching the engine life goal. 
Replacement of the engine or its components would then be needed. Space oper- 
able disconnects are required to permit coupling and decoupling on orbit by 
astronauts in space suits and/or robotic servicing devices. They must be easy 
to use, highly reliable, and not contribute significant weight or envelop 
penalties. 



Disconnects can be grouped by i n t e r f a c e  t ype  i n t o  p r o p e l l a n t ,  pneumatjc, 
s t r u c t u r a l ,  power, and data.  A t t e n t i o n  has been focused on p r o p e l l a n t  i n t e r -  
f ace  j o i n t s  and a number o f  concepts have been i d e n t i f i e d .  

A Rocketdyne engine change-out d isconnect  design concept i s  shown i n  f i g -  
This  carr iage-hook concept fea tu res  a s imple f i x e d  c o u p l i n g  h a l f  w i t h  

A r o t a t i n g  d r i v e  s leeve 

Sp l ines  prevent r o t a t i o n  o f  t h e  ca r r i age .  

u r e  20. 
t h e  e n t i r e  mechanism conta ined on the removable h a l f .  
(wh ich  may be e i t h e r  manually actuated o r  powered) causes a c a r r i a g e  t o  a x i a l l y  
t r a n s l a t e  f o r  o r  a f t .  
mounted t o  t h e  c a r r i a g e  w i t h  spr ings t o  normal ly  h o l d  them i n  t h e  assembled, 
o r  c losed, p o s i t i o n .  As shown i n  the upper view, t h e  hooks a r e  fo rced  t o  
r o t a t e  c l e a r  o f  t h e  f i x e d  f l a n g e  as t h e  coup l i ng  begins t o  connect. When t h e  
f i x e d  f l a n g e  nears seat ing,  t h e  hooks a r e  f r e e  t o  snap back a g a i n s t  t h e i r  
stops. Ac tua t i on  o f  t he  d r i v e  sleeve causes the  c a r r i a g e  t o  t r a n s l a t e  u n t i l  
t h e  hooks con tac t  and load t h e  back o f  t h e  f i x e d  f l ange .  Proper l oad ing  o f  t h e  
j o i n t  can be determined by t o r q u i n g  t h e  d r i v e  s leeve o r  by measuring t h e  s t r a i n  
on each o f  t he  e a s i l y  access ib le  tens ion legs o f  t h e  ca r r i age .  

Hooks a r e  

CONCLUDING REMARKS 

Al though a development dec l s lon  f o r  t he  O T V  has no t  y e t  been made, the  
need f o r  an advanced O T V  i s  acknowledged i f  we are t o  f u l f i l l  t he  v i s i o n  o f  
p i o n e e r i n g  the  space f r o n t i e r .  NASA has an ongoing e f f o r t  f o r  O'IV p r o p u l s i o n  
technology. I t  i s  po in ted  towards enab l ing  a low r i s k ,  minimum c o s t  design, 
development, t e s t ,  and eng ineer ing  (OOT&E) program f o r  an advanced engine i n  
t h e  e a r l y  1990's.  A n a l y t i c a l  and experimental e f f o r t s  w i l l  con t inue a t  t h e  
subcomponent l e v e l  i n  1987. Component t e s t i n g  w i l l  beg in  i n  1988 under c u r r e n t  
p lans.  
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P r o p e l l a n t s  - f u e l  

Vacuum t h r u s t  ( d e s l g n  p o l n t  range), l b f a  
Englne m l x t u r e  r a t l o ,  O/F (des lgn  p o l n t )  
Englne m i x t u r e  r a t l o  range, O/F 
P r o p e l l a n t  l n l e t  temperature,  " R  - hydrogen 

oxygen 
T h r u s t  v e c t o r  c o n t r o l ,  degree 

S t a r t  c y c l e  

o x l d l z e r  
Hydrogen 

Oxygen 
10 000 t o  25 000 

6.0 
5.0 t o  7.0 

37.8 
162.7 

26.0 
(square  p a t t e r n )  

Ch l l ldown w l t h  p r o p u l s l v e  
dumplng o f  p r o p e l l a n t s ,  
engine s t a r t  w l t h  pump I n l e t s  
a t  p r o p e l l e n t  tank  vapor 
p ressure .  

I 

aVacuum t h r u s t  range may be obtalned f r o m  e l t h e r  a s i n g l e  engine o r  
m u l t l p l e  eng lne  c o n f l g u r a t l o n s  hav ing  t o t a l  t h r u s t  w l t h l n  t h e  s p e c l f l e d  
range. 

TABLE 11. - ADVANCED OTV PROPULSION SYSTEM GOALS 

C h a r a c t e r l s t l c  I 
Vacuum s p e c l f l c  Impulse. l b f - s e c / l b m  
Vacuum t h r u s t  t h r o t t l e  r a t l o  
Net p o s l t l v e  suc t lon  head, f t - l b f / l b m  

Hydrogen 
Oxygen 

Welght, lbm 
Length (stowed),  I n .  
Re1 lab!  11 t y  
Serv lce  l l f e  

Between overhauls,  cyc les /hours  
S e r v l c e  f r e e ,  cycles/hours 

Goal 

520 
30: l  

0 
0 

360 
40 

1 .o 

500/20 
100/4 



TABLE 111. - I G N I T I O N  SENSITIVITY OF FRICTION RUBBING MATERIALS 

I N  OXYGEN 

Samp 1 e I Burn I Sample 
f a c t o r  

Zlrconlum Copper 35 Z l rcon lum Copper 
Monel K500 2090 Monel K500 
316 S t a l n l e s s  S t e e l  4515 316 S t a l n l e s s  S t e e l  
316 S t a l n l e s s  S t e e l  4515 Monel K500 
316 S t a l n l e s s  S t e e l  4515 Z l rcon lum Copper 

2090 

aNo l g n l t l o n  t e s t  l l m l t e d  by sample de format lon .  

TABLE I V .  - TURBOPUMP FAILURE MODES AND RELATED SENSORS 

F a i l u r e  mode 

Bear lng w e a r / f a l  l u r e  

Shaft  seal  w e a r / f a i l u r e  

Turblne b l a d e  c racks  

Turbine b lade f a t l g u e  

Seal /bear lng b i n d i n g  

T/P overspeed 

Pump c a v l t a t l o n  

aBetween t e s t s .  

Measurand 

M a t e r l a l  d e p l e t l o n  
Deformat ion 
Deformat lon 

Appearancea 

V l b r a t l o n  
V l b r a t l o n  
M a t e r i a l  d e p l e t l o n  
C a v l t y  press 

Seal appearancea 

Blade appearancea 

Blade c o n d l t l o n a  
E l e c t r o n  f i u x a  

S h a f t  to rque 

S h a f t  speed 

I n l e t  p ressure  

Sensor 

I s o t o p e  d e t e c t o r  
Def lec tometer  
Eddy c u r r e n t  

i n d i c a t o r  
F l b e r  o p t l c  

probe 
Accelerometer 
Laser v tb rometer  
I s o t o p e  
Pressure 

F l  ber  o p t l c  

F l  ber  o p t l c  

Acous to-op t lcs  
Exoe lec t ron  

eml s s l o n  
Ferromagnet lc 

torquemeter 
Ferromagnet lc 

torquemeter 
Pressure 

t ransducer  

t ransducer  

probe 

probe 

o r r e c t l v e  a c t l o r  
u r l n g  o p e r a t l o n  

Reduce speed 
Reduce speed 
Reduce speed 

Reduce speed 
Reduce speed 
Shutdown 
Shutdown 

Shutdown 

Reduce speed 

Reduce speed 



I $ STATION OPERATIONS 
SERVICE OPERATIONS 1 1 0 LAUNCH AND RECOVERY OPERATIONS 

FIGURE 1 .- INTEGRATED SPACE TRANSPORTATION SYSTEMS. 1990's SCENARIO. 



3 = TURBINE BYPASS VALVE GH2 $ / f f  4 = TURBINE BYPASS VALVE GO, 
5 = G H ~  PRESSURIZATION FLOW~VALVE 
6 = GOX PRESURIZATION FLOW VALVE 
7 = GHV START BOTTLE CHECK VALVE 

/ \ 8 = GO; START BOTTLE CHECK VALVE 
9 = GH? TURBINE START VALVE 

10 = GO; TURBINE START VALVE 
11 = L H 2  TANK VENT VALVE 
12 = LO2 TANK VENT VALVE 

IGN = I G N I T I O N  SYSTEM 

FIGURE 2.- FLOW SCHEMATIC; AEROJET ADVANCED OW PROPULSION CONCEPT. 



(1) I F V  
(2) IOV 
(3) mv 
(4) Mov 
(5) TBV 
( 6 )  OTBV 
(7) GOV 
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ENGINE CONTROLS 
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I 

---- 
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FIGURE 3 . -  FLOW SCHEMATIC; ROCKETDYNE ADVANCED OTV PROPULSION CONCEPT. 
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FIGURE 5.-  EFFECT OF ADMISSION ON EFFICIENCY OF TWO STAGE PARTIAL 

ADMISSION TURBINE. 
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FIGURE 6.- EFFECT OF NOZZLE ORIENTATION ON EFFICIENCY OF TWO STAGE PARTIAL ADMISSION 
TURBINE. 





i TEST FLUID oui 
FIGURE 8.- SOFT WEAR RING SEAL F R I C T I O N  AND WEAR TESTER. 
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FIGURE 9. - HYDROSTATIC BEARING TESTER COMPONENTS. 



PUMP HOUSING 
SECOND STAGE 

FIGURE 10.- HYDROSTATIC BEARING TESTER. 
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FIGURE 11.- THERMAL ENHANCEMENT FOR RIBBED COMBUSTOR HEAT TRANSFER. PROJECTED HOT 
F I R E  CONDITIONS. 



FIGURE 12.- COLD FLOW TEST FIXTURE FOR COOLANT CHANNEL PASSAGE EVALUATION. 
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FIGURE 13.- COMBUSTOR WALL TEMPERATURE DECREASE FOR COOLANT PASSAGES WITH F I N S .  PROJECTED 
HOT F I R E  CONDITIONS. 
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FIGURE 14.- ANNULAR HEAT SINK THRUST CHAMBER ASSEMBLY. 



FIGURE 15. - ANNULAR HEAT SINK THRUST CHAMBER COMPONENTS. 
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FIGURE 16.- HEAT FLUX PROFILE ALONG CENTERBODY OF ANNULAR THRUST CHAMBER. 
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FIGURE 17.- LOW CYCLE FATIGUE OF AN ADVANCED COPPER ALLOY PRODUCED BY THE RAPID SOLID- 
I F I C A T I O N  RATE PROCESS. 
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FIGURE 18. - TEST F I R I N G  OF THE ROCKETDYNE INTEGRATED COMPONENT EVALUATOR. 
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FIGURE 19.- LAYERED HEALTH MONITORING/CONTROL ARCHITECTURE. 
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