
TECHNOLOGY FOR THE DEVELOPMENT OF A GASEOUS HYDROGEN - GASEOUS OXYGEN 
APS E N G I N E  FOR THE SPACE SHUTTLE 

Alber t  Seid-el 

~ e s s e r s c l i m i t t - ~ 6 l k o w - B l o h m  
Munchen-Ottobrunn, Germany 

1, Abst rac t  

The Messerschmitt-Bolkow-Blohm Company (MBB) has  s u f f i c i e n t  

t e c h n i c a l  background f o r  t h e  development of a GH2/G02-APS- 

engine f o r  t h e  Space-Shut t le  program. 

NBB has  been conduct ing rocke t  engine development work wi th  

cryogenic  p r o p e l l a n t s  s i n c e  1959. S ince  t h a t  t ime e s s e n t i a l l y  

t h e  fo l lowing  r o c k e t  engines  have been developed and/or 

t e s t e d :  

66-Lb s e a - l e v e l - t h r u s t  GH2/LF2 exper imenta l  t h r u s t  

chambers f o r  es tab l i shment  of  f l u o r i n e  technology,  

1,100-1b vacuum-thrust LH2/LF2 engine (under development 

s i n c e  1968) ,  

66-lb vacuum-thrust LH2/L02 engine ( f l i g h t  p ro to type )  

wi th  r e s t a r t  c a p a b i l i t y  and a n  e f f e c t i v e  vacuum 

s p e c i f i c  impulse of 415 s e c ,  

30,000-lb s e a  l e v e l  t h r u s t  LH2/L02 extreme h igh  p r e s s u r e  

exper imenta l  engine ( t e s t e d  a t  Rocketd:-rig's Reno 

f a c i l i t y  ) . 
A s  a r e s u l t  of t h i s  work, MBB has t h e  exper ience  and techno- 

l o g i c a l  c a p a b i l i t y  t o  produce t h r u s t  chambers o f  v a r i o u s  

de s igns ,  i n j e c t o r  heads and engine va lve s  and t h e  c a p a b i l i t y  

t o  t e s t  them. This exper ience  can be u t i l i z e d  by MRB f o r  t h e  

development of a Space S h u t t l e  APS engine.  

The above mentioned. 1 ,100- lb  engine f a l l s  i n t o  t h e  p r e s e n t l y  

d i s cus sed  performance ca tegory  f o r  a h igh  p r e s su re  Space 
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S h u t t l e  APS engine. Using the  same chamber geometry of t h e  

1,100-1b engine,  running i t  with  GH2/G02 a t  a  chamber p re s su re  

of 150 p s i a  and a t  a mixture r a t i o  of 4 ,  i t  would produce a  

vacuum t h r u s t  of 1 ,500 l b s  with  an area-rat io-30 nozzle. With 

cons tan t  engine geometry and varying chamber pressure  i t  can 

a l s o  be ad jus ted  t o  o the r  t h r u s t  l e v e l s  wi th in  a wide range. 

Current ly  a  sea- leve l  demonstration engine of t h i s  type i s  

under development i n  order  t o  demonstrate i t s  a b i l i t y  of 

s a f e  i g n i t i o n ,  regenera t ive  cool ing  and high performance. 

Engine va lves  s h a l l  a l s o  be developed. 

Test ing w i l l  be done a t  MBB's Ottobrunn f a c i l i t i e s .  

2. I n t roduc t ion  

The Messerschmi t t-Bolkow-Blohm Company ! MBB) has  suf f i c . i en t  

t e c h n i c a l  background f o r  t h e  development of a  GH2/G02-APS- 

engine f o r  the  Space S h u t t l e  program. M3B has been conducting 

rocke t  engine development work with  cryogenic p rope l l an t s  

s ince  1959. Since t h a t  t ime, LOX/Kerosene, H2/F2 and H2/02 

engines a s  wel l  a s  s t o r a b l e  p rope l l an t  engines have been 

developed and/or t e s t ed .  

The fo l lowing  d iscuss ion  w i l l  deal t o  a  mi nor  ex t en t  with t h e  

H2/F2-engine work but  mainly the  H2/Q2-engine work w i l l  C-e 

discussed.  



3. Test  and Prog_erlant F a c i l i t i e s  ----- --- 

A t  f i r s t  a few l rds should be s a i d  about MRB's  t e s t  and 

p r o p e l l a n t  f a c j l l t i e s  f o r  cryogenic  p r o p e l l a n t s  t h a t  were 

cons t ruc t ed  i n  t h e  e a r l y  6 0 ' s .  The f i r s t  s l i d e  ( 1 )  shows t h e  

complete complex of t h e s e  f a c i l i t i e s  a t  P B X ' s  Ottokrunn p l a n t  

near  Munich, I t  comprises a  double t e s t  s t a n d  i n  t h e  fo r e -  

ground wi th  a  smal l  scrubbing tower f o r  t o x i c  ga se s ,  and a  

smal l  a l t i t u d e  s imula t ion  chamber, a  f l u o r i n e  s t o r a g e  and. 

l i q u e f a c t i o n  p l a n t  i n  t h e  l e f t  backpound ,  and a hydrogen 

l i q u e f a c t i o n  p l a n t  i n  t h e  r i g h t  background, The t e s t  s t a n d s  

a r e  designed f o r  hand l ing  t h r u s t s  up t o  10,000 l b s .  The 

p r o p e l l a n t  f e e d  systems p r e s e n t l y  i n s t a l l e d  a r e  designed f o r  

t e s t i n g  engines  up t o  2,000 l b s ,  

A l l  engine t e s t  sequences a r e  au toma t i ca l l y  c o n t r o l l e d  by a  

s e p e r a t e  c o n t r o l  c e n t e r -  

Data r e co rd ing  i s  done by analog mult i-channel  o s ~ i ~ l o g r a p b s  

and by d i g i t a l  da t a  p rocess ing  equipment, 

4. --- Sma I. 1 H2/F2-Ex-p;~_men&_a_l1 Engine . -. s . 

I n  t h e  mid 6 0 1 s ,  MBB conducted some exper imenta l  work w i t h  

smal l  GH2/LF2-engines wi th  a  nominal s e a - l e v e l  t h r u s t  of 

66 l b s .  The engines  were h e a t  s i n k  and water  cooled chambers 

of d i f f e r e n t  chamber lengkhs and were run  wi th  chamber Dres- 

s u r e s  UD t o  150 p s i a  and mixture r a t i o s  rang jng  from 5 t o  14. 

On t h e  one hand,  t h j s  exper imenta l  program was aimed t o  q a i n  

t he  f u l l  e x ~ e r i e n c e  of t h e  s a f e  hand l ing  of gaseous and l-iaujd 

f l u o r i n e  on rocke t  t e s t  s t ands ,  

On t h e  o t h e r  hand, t h e  proqram was aimed t o  g ive  p r a c t i c a l  

exper ience  wl th  t h e  measurement problems i n  a  f l u o r i n e  sys tem,  

with t he  performance behavior  of t h e  H2/F2-propellant system, 

and of d i f f e r e n t  p r o p e l l a n t  i n J e c t i o n  p rocesses .  



S l i d e s  2 and 3 show r e s p e c t i v e l y ,  a  t e s t  r u n  of a  water cooled 

GE /LP2-experiments 1 engj ne ,  and tho  c o a ~ i a l - , j e t  type j n , i ~ c t o r  2 
a s  an example of t h e  i n , j e c to r s  t ~ ~ + e d .  The t e s t e d  i n j e c t o r  

fgpes  were t h e  coax ia l - . j e t  i  n r jec to r  a nentad conf i p u r a t i o n  

an? an un l i ke  i mni nginp , j e t  conf igura t ion .  

The 1 100-lb LH /LF -Engine 5 ' 1- ---. 2-- - 2  -----.-- 

Due t o  t h e  exper ience w i th  t h e  smal l  experimental  H2/F2-engines 

and wi th  t h e  o t h e r  cryogenic  engines t o  be  descr ibed   late^, MBB 

was awarded a  c o n t r a c t  f o r  t h e  development of a  IJH2/LF2 engine 

w i th  a vacuum t h r u s t  of 1 ,100 l b s .  This engine under develop- 

ment s i n c e  1968, has  a  nominal chamber p r e s su re  of 107 p s j  a  

and a  nominal mixture r a t i o  of 10. 

Jn  t h e  beginning of t h e  6 e v e l o ~ m e n t  of t h i s  engine,  s e a  l e v e l  

t e s t s  w i th  heat- ink and water-cooled chambers and with  t h r e e  

d i f f e r e n t  types  of j n j e c t o r s  were performed. 

Both c h a ~ b e r  types  were i n s t a l l e d  wi th  numerous thermoco~rples 

i n  o r d e r  t o  ga in  t h e  a c t u a l  v a l u e s  of t h e  combustion g a s s i d e  

f i l m  c o e f f i c i e n t  f o r  t h e  proper  des ign  of t h e  r e g e n e r a t i v e l y  

cooled chamber. The t e s t i n g  of t h e  t h r e e  d i f f e r e n t  i n , j e c to r  

con f igu ra t i ons  wi th  some modi f ica t ions  on each of them and 

w i th  d i f f e r e n t  chamber l e n g t h s ,  chamber presslrres an5 mix ture  

r a t i o s ,  was aimed t o  f i n d  t h e  most optimum ir : jec tor  4es ign  

w i th  r e s p e c t  t o  performance and chamber wa l l  h e a t  load.  

S l i d e s  4 and 5 show r e s p e c t i v e l y ,  a  segmentjed beat-s ink chamber 

and t h e  water cooled chamber wi th  7 i n d i v i d u a l  water j a cke t s .  

q l i i l e s  6  through 8 show some t e s t  runs  of t h e  heat-s ink chambers. 

The t h r e e  i n j e c t o r s  t e s t e d ,  a  coax ia l -c ie t  type  with s o l i d  and 

porous f ace  p l a t e ,  a  pentad t ppe ,  and a sn l a sh -p l a t e  tppe  a r e  

shown on s l i d e s  9  through 12 ,  r a s p ~ c t i v e l y .  



The b e s t  c*-ef f j -c iencp,  being 98 %J compared with t h e  eqlli- 

l ibrium-c* a t  desj  gn p o i n t ,  was achieved with t h e  coaxial-  j e t  

i n j e c t o r  a t  a  c h a r a c t e r i s t i c  chamber length  of 0,85 m (33.5 i n ) .  

The development of t h e  1,100-lb H2/F2-engine a1 so inc ludes  t h e  

development of i t s  main p rope l l an t  va lves .  A s  an example of 

t h i s  deve lo~ment  work s l i d e  1.3 shows a  t e s t  ve r s ion  of the 

pneumatically operated l i  quid f  l i ~ o r i n e  va lve ,  w h e r e ~ s  

s l i d e  14 shows i t s  e l e c  tromaqnetic pi l o t  v a l v e ,  which needs 

only a  s h o r t  current-impulse f o r  both opening and c los ing .  

6. The 66-lb-g2/L0,-Flj gh t  Pro_t -~_ty~~e  Fngi ne 

The most i n t e n s i v e  deve lo~ment  work of MSR i n  t he  f i e l d  of 

cryoeenic  engines i n  t he  6 0 ' s  was done with H2/02-propellants, 

bo th ,  wi th  very small  and r e l a t i v e l y  l a rge  engines.  

Tn t h e  yea r s  from 1962 t o  1956, MRB under a con t r ac t  from t h e  

German Federal  MS ni s try f o r  S c i  enc e  and Educati on, developed 

a f l i ph t -p ro to type  LH2/L02-engine with a nominal vacuum t h ~ l ~ s t  

of 66 l b s ,  a  nominal chamber pressure  of 70 p s i a ,  and a nominal 

mixture r a t i o  of 5.5. 

The development program of t h i s  engine was, on the  one hand, 

aimed a t  t h e  e s t a b l i  shment of t h e  technoloqi e s  needed f o r  t he  

handl ing  of l i a u i d  hydrogen i n  rocket; t e s t  f a c i l i t i e s  and a t  

l e a r n i n g  t o  overcome the  measurement problems of r e l a t i v e l y  

smal l  l i q u i d  hydrop;en mass flows. On the  o the r  hand, t h e  pro- 

gram was a l s o  aimed at; t he  demonstration,  t h a t  even such smal l  

LH / I ,O engines can be r e a l i  zed with a+ l e a s t  p a r t i  a 1  regenera- 2 2- 
t i v e  cool ing ,  with a  s a f e  and r e l i a b l e  j gni t i o n ,  and with 

reasonable  high performance i n  terms of s p e z i f i c  i m p i ~ l s ~  

wi t h j  n  a c e r t a i n  opera t ing  range. 



A t  the  s t a r t  of the  development of t h i s  engine,  p r a c t i c a l l y  

no concrete  experience f o r  t he  6esign of ~ u c h  smal l  engines 

ex i s t ed ,  Therefore,  t e s t i n g  began with wa+ercooled aluminum 

chambers of very  long chamber lengths  and with r a d i a l  in-  

j e c t i o n  of t he  prope l lan ts .  With deve lo~ment  time ~ r o c e e d i n g ,  

the  chamber length  could be ma4e s h o r t e r  and s h o r t e r  and 

~ r o p e l l a n t  jn . ject ion was accomplished with  a  star-shaped 

splash-plate  i n j e c t o r .  Regenerative cool ing was f i r s t  i n t r o -  

duced i n t o  t h e  program with conper chambers and was l a t e r  

done with s t a i n l e s s  s t e e l  chambers. S l i d e  15 shows t h e  progress  

from the  f i r s t  sea- leve l  aluminum chamber t o  t h e  f i n a l  proto- 

type engine with  a  vacuum nozzle  extension. 

The f i n a l  engine i n  an all-welded ve r s ion  i s  shown by s l i d e  16, 
The engine used regenera t ive  cool ing up t o  an a rea  r a t i o  of 16. 

The r e s t  of t h e  nozzle  was r a d i a t i o n  cooled. Since no s p e z i f i -  

c a t i o n  of t he  number of r equ i r ed  r e s t a r t s  e x i s t e d ,  i g n i t i o n  

was done chemically by i n j e c t i o n  of a  smal l  amount of  t r i e t h y l -  

aluminum (TEA). The TEA was s t o r e d  i n  a  small  capsu le ,  t h e  

volume of i t  being s u f f i c i e n t  f o r  a  t o t a l  of f o u r  i g n i t i o n s .  

S l i d e  17 shows a  c r o s s  s e c t i o n  of  the  engine and s l i d e  18 

e s s e n t i a l l y  shows t h e  previonslm mentioned s t a r  shaped splash-  

p l a t e  in, j  ec t o r .  

S l i d e  19 shows a  sea- leve l  flame p a t t e r n  of t h i s  engine. 

The f i n a l  engine ve r s ion  had the  fol lowing performance d a t a :  

vacuum t h r u s t  66 l b s  

chamber pressure  71 p s i a  

mixture r a t i  o  5.5 
nozzle  a r e a  r a t i o  5 7 
c h a r a c t e r i s t i c  chamber l eng th  15.8 inches  

e f f e c t i v e  vacuum s p e c i f i c  impulse 415 sec  

chamber pressure  range 57 + 114 p s i a  



mixture r a t i o  range 3.5 i 6.5 

numbpr of p o s s i b l e  s t a r t s  4 

t o t a l  burn jng  t ime 20 min 

T%e f i n a l  t e s t i n s  of t h e  engine was done i n  an  a l t i t u d e  

s imu la t i on  chamber, wi th  s imula ted  a l t i t u d e s  r ang ing  up t o  

130,000 f e e t .  

The devdopment of t h e  main p r o p e l l a n t  va lve s  of t h e  eng ine ,  

t h e i r  e l e c t r i c a l  p i l o t  v a l v e s ,  and t h e  i g n i t e r  capsu le  w a s  

a l s o  r e q i i r e d .  Both p r o p e l l a n t  val-ves were pneumat ical ly  

opr ra ted  3-way v a l v e s  w i t h  tb.e t h i r d  p o s i t i o n  of t h e  v a l v e s  

u t i l i z e d  f o r  p r o p e l l a n t  l i n e  and va lve  p recoo l ing .  S l i d e s  20 

through 23 show such a 3-way v a l v e  and t h e  i g n i t e r  c a p s u l e ,  

r e s p e c t i v e l y  . 
A 20-minutes sound f i l m ,  synchronized i n  Engl i sh ,  may show 

some more d e t a i l s  of t h e  development of t h i s  engine.  

The 30 000-lb LH /LO -Hi.h P r e s su re  Engine -- .---- 2. - - - -.. -. - -. -2-- -.2-- .- . ----. . . -- - . - 

I n  t h e  l a t e  5 0 ' s  and e a r l y  6 0 ' s  MBR developed a new t h r u s t  

chamber cooli-ng t echn ique  a l lowing  t h e  r e a l i z a t i o n  of  h igh  

chamber p r e s su re s  wi th  f u l l  r egene ra t i ve  coo l inp .  Af te r  t h i s  

technj.oti.e was f j . r s t  successful . ly  demonstrated i n  a high p r e s -  

s u r e  LOX/RPl-engine, MBR i n  coopera t ion  wi th  t h e  Rocketdyne 

Div i s ion  of NAR, succeeded i n  ob t a in ing  t h e  i n t e r e s t  of t h e  

ITS P . i r  Force anc? t h e  German DO9 i n  t h i s  new chamber techno- 

l o r y .  A s  a  res!llt;, a  j o i n t  A i r  Force/German 0 0 D  program was 

e s t a b l i s h e d  which was aimed a t  t h e  demonstra t ion of t h e  

extreme h igh  p r e s s u r e  r e g e n e r a t i v e  coo l i ng  capabi  li t y  o f  

t h e  milled-copper-chamber concept.  I n  t h l  s proyram, MRS 
designed and fabr ica . t ed  such mi l l ed  copper chambers with 



matching i n j e c t o r s  f o r  LH2 and LO2 p rope l l an t s .  The t e s t i n g  

and eva lua t ion  of t h i s  engine was done a t  Rocketdyne's Reno 

f a c i l i t i e s ,  

This LH2/L02-engine had the  fol lowing design d a t a :  

sea l e v e l  t h r u s t  30,000 l b s  

chamber p re s su re  533,000 psis 

mixture r a t i o  2 6 

During engine t e s t i n g  i t  was sucessful1;y demonstrated t h a t  

the  mi l led  copper chamber concept i s  capable of handlinq 

the  extreme high hea t  f l uxes  experienced a t  such biyh chamher 

uressures .  With t h i s  engine,  t h e  h ighes t  chamber pressure  

ever known up t o  t h a t  time i n  t he  f r e e  world was achieved, 

T t  was shown t h a t  considerably l e s s  hydrogen was needed f o r  

cool5ng t h e  chamber than was in j ec t ed  i n t o  i t .  Tn a severe  

cyc l ing  t e s t ,  t h e  engine experienced no dev ia t ion  from i t s  

normal ~ e r f o r m a n c e .  

S l i d e s  24 through 26 show t h i s  high pressure  chamber, a t o t a l  

view of Rocketdyne's t e s t  s t and ,  and a t e s t  run  of the  engine,  

r e spec t ive ly .  

A s h o r t  s i l e n t  f i l m  shows the  cyc l inp  t e s t  of t h e  engine. 

8. --- Fngine --. Fabr i ca t ion  -. -- -- -- -- -- --- Technolorn 

Recently,  MRR has  developed some modern t h r u s t  chamber f a b r i -  

c a t i o n  techniques ,  f u l l y  o r  p a r t l y  based on t h e  a p p l i c a t i o n  

of e lectroforming.  Tntensive use of these  f a b r i c a t i o n  techniques  

has been made on t h e  j u s t  descr ibed LH2/L02-high pressure  

engine. Other engines ,  l i k e  t he  above mentioned 1,100-lb 

LH2/LF2 engine,  and smal l ,  high-nressure engines f o r  s t o r a b l e  

p r o p e l l a n t s ,  a l s o  make use of them, because cool ing  channels 



of varying c ros s  s e c t i o n s  and th icknesses  can be produced 

with r e l a t i v e  ease.  

S l i d e s  27 and 28 show examnles of such f u l l y  electroformed 

t h r u s t  chambers having cool ing channels s i m i l a r  t o  a  tubu- 

l a r  chamber. 

S l i d e  29 shows a  complete small  high-pressure chamber f o r  a  

t h r u s t  l e v e l  of 2,200 l b s  and pressures  i n  t he  range of 

3 ,@00psia ,  which i s  used f o r  t e s t i n g  t h e  regenera t ive  cool ing  

c a p a b i l j t y  of such chambers with s t o r a b l e s .  The coolant  in -  

l e t s  and o u t l e t s  a r e  f i t t e d  t o  t he  chamber and sea l ed  by 

l o c a l  e l e c t r o f  orming. 

9. --- P o s s i b i l i t y o f  -- t h e  Development - --.- ----- of a  9 a c e - S h u t t l e  ---- 
APS- E n x h g  

Using i t s  experience with  small  low-pressure and l a r g e  high- 

pressure  H2/02-engines and using i t s  technologica l  p o t e n t i a l ,  

MBB i s  ab l e  t o  d e v e l o ~ ,  f a b r i c a t e  and t e s t  a  H2/02-APS-engine 

f o r  the  Space S h u t t l e  program. 

The above menti oned 1,100-lb IJ32/J~P2-angj ne c u r r e n t l y  under 

development a t  MRR f a l l s  i n t o  t he  p r e s e n t l y  discussed t h r u s t  

category f o r  a  hi.gh pressure  Space S h u t t l e  APS-engine. The 

engine can be run with H2/02 in s t ead  of H2/F2 with nea r ly  

t h e  same cool ing channel geometry b u t  us ing  another  chamber 

ma te r i a l ,  e. g. copper. The coax ia l - j e t  type i n j e c t o r  of t h e  

engine can a l s o  be  used f o r  H2/02 by only changing the  s i z e s  

of the  i n j e c t o r  ho le s  and provi.d.ing f o r  t h e  i n s t a l l a t i o n  of 

an i g n i t e r .  

Using t h e  same i n n e r  geometry of the  combustion chamber of 

the 1,100-lb H2/F2 engine and running i t  with GH2/G02 a t  a  

chamber pressure  of 150 ~ s i a  and a  mixture r a t i o  of 4 ,  i t  
would d e l i v e r  a  vacuum t h r u s t  of 1 ,500 l h s  with an area- 



ratio-30 nozz1.e- W-l t;h the sailre en@ r ~ e  geometry and varginq 

c'n,aicbel- p r e o s u ~ ~ - .  2.r; i;~;tild .Lso  be 5d;justeci -to other- t'il~rrst 

l e v e l s  ~~~f~Lirin :j i t' .P e c? d i? il , 

.?,i.-nc,e d e s i q  of the 1;h.r.ust !-,I"--.- ~, ,a!n.,er; is wel.1 underway, 

PLRB under a coni;rac"col' the German i"iiriistry of Science and. 
.m e,au.cation, , ri currently preparing the demonstration of a 

sea ievei GK2/G02-engine i n  order t o  show i t s  a b i l i t y  of 

safe i g n i t i o n ,  reqenerative cool ing  and high ~ e r f o r m a n c e ,  

The t e s t i n g  of such an engine can be done on MRB's Ottobrunn 

f a c i l i t i e s  with only minor adjustments f o r  producing the  

co ld  H2- and 02-gases with which t h e  Space S h u t t l e  BPS- 

engine s h a l l  be f ed ,  

I n  addi- t ion a p a r a l l e l  development of main ~ r o p e l l a n t  

va lves  f o r  pu lse  mode opera t ion  s h a l l  he i n i t i a t e d ,  

These a r e  t he  reasons ,  why MBB thi-nks,  that; i t  can c o n t r i -  

bu te  we l l  t o  t h e  development of a Space S h u t t l e  APS-engine, 



In the preceeding discussion it was shown that MBR 
has a lot of experience in the develo~me~t of H2/02- 

engines and a broad technological background for 

fabricating such en~ines. 

The 1,100-lb H2/F2-ensine present12 under developnent 

at MBB can be run with H2/02 nropellants with only 
minor modifications. This is the reason, MRR feels 
it can contribilte to the development of a H2/02-APS- 

en~ine for the Syace Shuttle. 



Fig. 1 P i B B ' s  test faciliries for engines using crgo~eriic 

propellants. 

Double test stand in rhe !'or-er~ro'lnd, 

fluorine liquefnction a r d  :itorsee n1an.c ir ic-ft 

background, 

hyfiropen li quefac ti.o!? plarl~ i r rlght hackg~o~lncj ~ 

Fig. 2 Test run of a watercooled 66-lb GH2/LF2 experimental 

engine 



Fig.  5 Coax ia l - j e t  type  i n j e c t o r  f o r  GH2/LF2 exper imenta l  

engine wi th  copper f a c e  p l a t e ,  l e f t ,  and n i cke l -  

ch romi~~m a l l o y  f a c e  p l a t e ,  r i g h t  

Fia.  4 Segmented h e a t  s i n k  1,100-lb H2/F2 experimental  

engine f o r  s ea  l e v e l  test in^ with thermocouples 

i n s t a l l e d  



Fig. 5 Watercooled 1,100-lb H2/F2 experimental engine 

f o r  sea  l e v e l  t e s t i n g  with 7 ind iv idua l  water jacket  

Sea l e v e l  flame p a t t e r n  of t h e  1,100-1b H2/F2-engine; 
unsegmented hea t  s ink  chamber 



Fig. 7 Sea l e v e l  flame p a t t e r n  of t h e  1,100-lb H2/P2-engine; 

segmented hea t  s ink  chamber 

Fig. 8 Sea l e v e l  flame p a t t e r n  of the  1,100-lb H2/F2-engine; 
segmented hea t  s ink  chamber; d e t a i l s  of t e s t  s tand 
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Fig. ,13 Test version of a LF2-main-shutoff valve 

Fig. 14 Electromagnetic pilot valve for the LF2-main- 

shutoff valve 



F i a  - Development h i s t o r y  of t h e  66-lb LH2/L02-engine 

Fig. 16  F i n a l  v e r s i o n  of t h e  66-lb LH2/L02-engine w i th  i t s  

main p r o p e l l a n t  v a l v e s  on t o p  of t h e  chamber and 

t h e  i g n i t e r  c a p s u l e  l e f t  of t h e  chamber 



FUMKTIONSDARSTELLUNG 
DES 30kp-LH,/LO,-TRIEBWERKES 

Fig. 17 Function schematic of t h e  66-lb LH2/L02-engine 

=18 S t a r  shaped sp lashp la te  i n j e c t o r  of t h e  66-lb 

LH2/L02-engj ne 



Fig. 20 +way main propellant valve for the 66-lb 

LH2/L02-engine 



Fig .  21. 

3-way main p rope l l an t  v a l v e ;  

exploded view 

Fig.  22 

I g n i t e r  capsule  f o r  t he  66-lb LH2/L02-engine 



Fig. 23 &niter capsule; exploded view 

Fip. 24 30,000-lb high prpssure LH2/L02-thrust chamber 



Total  view of t h e  t e s t s t a n d  with t h e  30,000-lb 

hiph p re s su r?  LY2/LOT-engine running 

Fig .  26 Test run  of t h e  30,000-lb h igh p re s su re  IIH2/I.O2- 

engine 





Fig. 29 

Completely electroformed 2,200-lb high pressure 

copper thrust chamber with coolant inlets and 

outlets 




