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Canoga Park, C a l i f o r n i a  

Abs t rac t  

This paper reviews the  milestones achieved with 
cryogenic l i q u i d  prope l lan t  rocket  engines,  d i s -  
cusses  cur ren t  technology improvement programs, and 
p r o j e c t s  f u t u r e  engine designs. During the l a s t  two 
decades, these  cryogenic rocket  engines have played 
a major r o l e  i n  rocke t ry  and achieved numerous i m -  
p o r t a n t  milestones.  These engines power the  Vanguard, 
Redstone, Thor, A t l a s ,  and Ti tan  I v e h i c l e s ,  t h e  
Sa turn  I and Uprated Saturn I vehic les ,  and w i l l  soon 
be employed i n  t h e  Saturn V f o r  t h e  Apollo missions. 
The requirements d i c t a t e d  by these  veh ic les  have 
n e c e s s i t a t e d  growth from t h e  27,000-pound-thrust 
Vanguard engine t o  t h e  7,600,000-pound-tl~rust booster  
c l u s t e r  f o r  t h e  Saturn V. Gains i n  s p e c i f i c  impulse 
have a l s o  been s i g n i f i c a n t .  The success fu l  appl ica-  
t i o n  of l i q u i d  hydrogen i n  t h e  Centaur and Saturn 
upper-stage rocke t  engines was a major achievement. 

Simultaneously, s i g n i f i c a n t  improvements i n  
engine technology, l ightweight  components, compact 
packaging, and advanced f a b r i c a t i o n  processes  have 
been accomplished. Equally important ,  but  somewhat 
l e s s  i n  t h e  l i m e l i g h t ,  a r e  t h e  advancements i n  t h e  
b a s i c  opera t ion  of t h e  engine through s i m p l i f i c a t i o n  
and s o p h i s t i c a t i o n  of t h e  power cycle and t h e  con t ro l  
system. These improvements a r e  key f a c t o r s  i n  the  
achievement of opera t iona l  f l e x i b i l i t y ,  higher  t h r u s t ,  
inc reased  s p e c i f i c  impulse, and high r e l i a b i l i t y .  

Advanced concepts f o r  cryogenic l i q u i d  prope l lan t  
r o c k e t  engines now under i n v e s t i g a t i o n  a r e  reviewed. 
These e f f o r t s  a r e  leading t o  f u r t h e r  improvements i n  
performance, v e r s a t i l i t y ,  and packaging f o r  f u t u r e  
cryogenic rocke t  engines. 

In t roduc t ion  

Cryogenic l i q u i d  prope l lan t  rocke t  engines have 
played a major r o l e  i n  t h e  t o t a l  rocket  propulsion 
program over t h e  p a s t  years .  Rocket engines of t h i s  
type powered t h e  e a r l y  h igh-a l t i tude  sounding rocke ts ,  
t h e  f i r s t  low-range b a l l i s t i c  m i s s i l e s ,  and the  f i r s t  
o r b i t a l  and space f l i g h t s .  D r .  Robert H. Goddard i n  
t h e  1920's used l i q u i d  oxygen, a cryogenic, and gaso- 
l i n e ,  a noncryogenic, f o r  h i s  rocke t  engines. Ris  
h i s t o r i c a l  f i r s t  1 unching of a l iquid-fueled rocke t  
on 16 March 1926(lf  was t r u l y  a major achievement. 
The development of the  l i q u i d  oxygen/alcohol powered 
German V-2 i n  t h e  l a t e  1930's and e a r l y  1940's was a 
f u r t h e r  advancement i n  rocketry.  These programs pro- 
vided many of t h e  b a s i c  innovat ions and design con- 
cep ts  which have been used i n  the  following genera- 
t i o n s  of cryogenic l i q u i d  p r o p e l l a n t  rocket  engines. 
The e a r l y  experimental development and f l i g h t s  of 
D r .  Goddardls rocke ts  and the  development of t h e  V-2 
have b en esc r ibed  in d e t a i l  i n  numerous papers and 
boolcs .~2-7~  This  review i s  devoted t o  t h e  United 
S t a t e s  rocke t  engine development e f f o r t s  which f o l -  
lowed these  programs. 

The scope of t h e  paper i s ,  a s  the  t i t l e  i n d i c a t e s ,  
l i m i t e d  t o  l i q u i d  prope l lan t  rocket  engines using cry* 
gen ic  p rope l lan t s ,  Thus, some s i g n i f i c a n t  achieve- 
ments i n  l i q u i d  rocke ts  a r e  no t  covered, such a s  de- 
velopment of t h e  f i r s t  upper-stage engine (thevanguard 
second s tage  which used t h e  noncryogenic p r o p e l l a n t  
combination of unsymmetrical dimethylhydrazine and 
n i t r i c  a c i d ) ,  However, i n  retrospect,  t h e  review has 
shown t h a t  many of the  important achievements in engine 
development, veh ic le  f l i g h t s ,  and engine technology 
were made with the  cryogenic p r o p e l l a n t  engines. 

The Milestones 

Reviewing t h e  milestones of t h e  cryogenic l i q u i d  
prope l lan t  powered rocket  veh ic les  i s  usefu l  i n  t h a t  
it shows no t  only what has been accomplished, bu t  t h e  
t rends  of t h i s  development--how t h e  designs of today 
have evolved. These t rends  i n  development g ive  in-  
s i g h t  i n t o  the  poss ib le  evolut ion of f u t u r e  designs,  
t h e i r  p o t e n t i a l  f e a t u r e s ,  and conf igura t ions .  

A summary review of t h e  programs, veh ic les ,  and 
f l i g h t s  of cryogenic l i q u i d  p r o p e l l a n t  rocke t  engines 
from t h e  Hermes t o  t h e  Saturns i s  presented i n  t h e  
Milestones Chart ( ~ ~ ~ e n d i x  A ) .  Shown a r e  the  da tes  
when the  programs were i n i t i a t e d ,  when t h e  f i r s t  
engines t e s t  ( s t a t i c )  was accomplished, when the  f i r s t  
veh ic le  was flown, and s i g n i f i c a n t  launches. 

Thrust  

I n  reviewing these  programs and t h e i r  engine 
designs,  the  f i r s t  engine parameter t h a t  manifests  
i t s e l f  i s  t h r u s t .  Thrust  growth f o r  boos te r  and 
upper-stage rocke t  engines using cryogenic propel- 
l a n t s  i s  presented i n  Fig.  1. I n  t h e  e a r l y  y e a r s ,  
engine t h r u s t s  were i n  t h e  20,000- t o  75,000-pound 
t h r u s t  range. The growth from t h e  e a r l y  20,000- 
pound-thrust l e v e l  t o  t h e  Saturn V's 7,600,000-pound 
t h r u s t  was a many-hundred-fold increase  accomplished 
i n  l e s s  than 25 years .  
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Figure 1. Thrust  Growth i n  Cryogenic Liquid 
Prope l lan t  Rocket Fhgines 



Both s ing le -un i t  and engine-cluster  t h r u s t s  a r e  
presented i n  Fig. 1 ;  both a r e  s i g n i f i c a n t .  The 
s ing le -un i t  t h r u s t  provides a guide t o  progress i n  
engine development. The c l u s t e r  t h r u s t  i n d i c a t e s  
t h e  r a p i d  g a i n  i n  veh ic le  t h r u s t  requirements 
achieved through the  development of engines which 
could be c lus te red ,  thereby enabling r a p i d  veh ic le  
growth. Also, the  concept of c l u s t e r i n g  engines has 
proved t o  be an e f f e c t i v e  method t o  l i m i t  propulsion 
development cos t s .  

S p e c i f i c  Impulse 

The t rend  i n  demonstrated engine s p e c i f i c  i m -  
pulse i s  presented i n  Fig. 2. For booster  engines, 
s e a  l e v e l  performance i s  shown. For upper-stage 
engines,  t h e  vacuum performance i s  of importance. 
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Figure 2. S p e c i f i c  Impulse Growth i n  Cryogenic 
Liquid Prope l lan t  Rocket Engines 

A s i g n i f i c a n t  s p e c i f i c  impulse performance g a i n  
r e s u l t e d  when t h e  kerosene- ( o r  RP) type f u e l  was 
substLtuted f o r  t h e  alcohol/water mixture used i n  the 
e a r l y  engines. The Navaho I11 boos te r ,  s t a r t e d  i n  
1956, was the  f i r s t  high-thrust  engine t o  use these  
prope l ian t s .  Steady performance growth f o r  the  
keroseue-fueled engines occurred a s  a r e s u l t  of 
higher  nozzle performance (achieved by a combination 
of h igher  a r e a  r a t i o s  and chamber p ressures ) ,  higher  
e f f i c i e n c i e s  of combustion, and t h e  engine power 
cycle. 

However, t h e  growth i n  s p e c i f i c  impulse perform- 
ance i s  dominated by the  g a i n s  achieved when l i q u i d  
hydrogen f u e l  was introduced. The high performance 
of rocke t  engines using these  prope l lan t s  permits 
many advanced mission concepts which a r e  not  f e a s i -  
b le  with lower performance propel lants .  

Chamber Pressure 

Looking f u r t h e r  i n t o  t h e  d e t a i l s  of a rocke t  
engine design,  combustion chamber pressure i s  a 
p r i n c i p a l  i t em of i n t e r e s t .  The t rend  i n  chamber 
pressure over the  years  i s  shown i n  Fig. 7. The 
chamber pressure ( toge ther  with a r e a  r a t i o )  d i r e c t l y  
con t ro l s  t h e  s i z e  of an engine; o r  i n  converse, a 
h igher  chamber pressure permits an engine with 
h igher  performance and a higher  a rea  r a t i o  nozzle t o  
be designed without enlarging i t s  envelope. 

Detract ing from high chamber pressure perform- 
ance g a i n s  i s ,  of course, increased engine weight 

t o  accommodate t h e  higher  p ressure ,  the  more power- 
f u l  and heavier  turbomachinery and the  increased 
tu rb ine  d r i v e  power requirements. 
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Figure 3. Trends i n  Chamber Pressure  

Rocket Engine P r o ~ r a m s  

Having reviewed th ree  p r i n c i p a l  design parameters 
f o r  a l i q u i d  prope l lan t  rocke t  engine,  it i s  now of 
i n t e r e s t  t o  review b r i e f l y  some of t h e  main programs 
and veh ic les  involved. This  w i l l  provide f u r t h e r  
i n s i g h t  i n t o  s p e c i f i c  requirements of t h e  r o c k e t  en- 
g ine  and the assoc ia ted  technology developments. 

Hermes 

Two of t h e  e a r l y  cryogenic l i q u i d  p r o p e l l a n t  
rocke t  engines developed i n  t h i s  country were t h e  
Hermes A-1 and A-3 designs. The Hermes program was 
conducted f o r  the  U.S. Army by t h e  General E l e c t r i c  
Co. i n  t h e  l a t e  1940's and e a r l y  1950's. The Hermes 
b a l l i s t i c  m i s s i l e ,  a r e s u l t  of t h i s  program, was the  
f i r s t  l a rge  surface-to-surface m i s s i l e  t o  be designed 
and b u i l t  i n  t h e  United S t a t e s .  The rocke t  engine,  
a irframe,  and guidance were of American des ign ;  only 
t h e  genera l  co f i g u r a t i o n  was adapted from an e a r l i e r  
German design.?8,9) During t h e  program, s e v e r a l  
rocke t  engines and veh ic les  evolved. 

The A-1 rocke t  engine was a pressure-fed, l i q u i d  
prope l lan t  design using l i q u i d  oxygen and alcohol .  
It developed approximately 13,000 pounds of t h r u s t .  
The A-3, an improved vers ion ,  was a pump-fed design 
using the same prope l lan t s ,  bu t  operat ing a t  a 
higher  chamber pressure.  This engine developed a 
t h r u s t  of approximately 20,000 pounds. The tu rb ine  
f o r  the  pumps was dr iven by decomposed hydrogen per- 
oxide. The t h r u s t  chamber was r e g e n e r a t ' v e l  
and had a double-walled h e l i c a l  passage. ~ l O , ~ l ~ O O 1 e d  

Viking 

The Viking p r o j e c t  was i n i t i a t e d  i n  August 1946 
with a con t rac t  t o  t h e  Martin Company t o  develop a 
h igh-a l t i tude  sounding rocke t  f o r  t h e  U.S. ~ a v ~ . ( l 2 )  
The Viking was a one-stage design using l i q u i d  oxygen 
and alcohol  a s  p rope l lan t s .  The boos te r  engine de- 
velopment, a 20,000-pound-thrust design,  was under- 
taken by Reaction Motors (now a d i v i s i o n  of Thiokol 
Chemical Corp.). The engine was a pump-fed design,  



hydrogen peroxide t o  d r i v e  the  turbine-powered pro- 
p e l l a n t  pumus. It had a double-walled, regenera- 
t i v e l y  cooled combustion chamber and nozzle. 
Severa l  models were designed and t e s t e d .  'The engine 
acceptance t e s t s  was on 21 September 1948; the  
engine d l i v e r e d  21,000 pounds of t h r u s t  f o r  66 
seconds.Tl2) 

The f i r s t  Viking was assembled i n  December 1948 
and t h e  f i r s t  f l i g h t  took place a t  White Sands, New 
Mexico on 3 May 1949. (12) The Viking went on t o  
e s t a b l i s h  a new a l t i t u d e  record a t  t h a t  time f o r  
sounding rocke ts  and it provided much usefu l  d a t a  
f o r  h igh-a l t i tude  research.  The Viking engine 
(though lower i n  t h r u s t  than t h e  German V-2) pro- 
vided extensive information f o r  t h e  f u r t h e r  develop- 
ment of rocke t  engines. For example, it was t h e  

t o  use gimbaling f o r  t h r u s t  vec tor  

Vanguard 

I n  t h e  Vanguard, t h e  f i r s t  veh ic le  designed spe- 
c i f i c a l l y  f o r  s a t e l l i t e  launches, a cryogenic l i q u i d  
prope l lan t  rocke t  engine was used f o r  the  f i r s t  
s t age .   h he second s tage  was powered by a pressure-  
f e d  l i q u i d  prope l lan t  rocke t  using n i t r i c  a c i d  and 
unsymmetrical dimethylhydrazine, and a s o l i d  propel- 
land motor was used f o r  t h e  t h i r d  s tage) .  The 
booster  engine was an improved vers ion  of the  A-3 
rocke t  engine with t h r u s t  uprated t o  27,000 pounds. 
Development of t h i s  motor was i n i t i a t e d  n October 
1955, and completed i n  t h e  f a l l  of 1956.i11) 

The engine design had a gimbaled t h r u s t  chamber 
f o r  v e h i c l e  s tee r ing .  Mainstage operat ing time was 
150 seconds, a r e l a t i v e l y  long dura t ion  a t  t h a t  time. 
The decomposed hydrogen peroxide used t o  d r ive  the  
engine tu rb ine  was a l s o  used f o r  veh ic le  r o l l  con- 
t r o l .  The power f o r  the  gimbal a c t u a t o r  was pro- 
vided by a power takeoff  from the  turbopump. The 
engine had a "semi" tank head s t a r t .  A f t e r  t h e  main 
va lves  were opened, p rope l lan t s  flowed t o  t h e  com- 
bus t ion  chamber. I g n i t i o n  was accomplished by a 
pyrotechnic;  when combustion was de tec ted ,  t h e  hydro- 
gen peroxide valve opened and turbopump power bui ld-  
up began. Shutdown was achieved simply by c l o s i  
t h e  f u e l ,  ox id izer ,  and hydrogen peroxide va lves? l l )  

The f i r s t  Vanguard-launched s a t e l l i t e  was placed 
i n  o r b i t  i n  1958. I n  t o t a l ,  Vanguard launched th ree  
s a t e l l i t e s  i n t o  o r b i t .  

Navaho 

The e r a , l e a d i n g  t o  high-thrust  rocke t  engines 
was i n i t i a t e d  wi th  t h e  A i r  Force Navaho pro jec t ,  
Th is  v e h i c l e ,  a rocke t  booster  with a supersonic 
ramjet-powered c r u i s e  v e h i c l e ,  was contracted t o  
North American Aviat ion,  Inc. by the  U.S. A i r  Force 
i n  1947. The genera l  conf igura t ion  of the  Navaho i s  
shown i n  Fig.  4. For t h e  rocke t  boos te r ,  no s u i t a b l e  
engines were then i n  ex i s tence ;  t h e i r  develo ment was f undertaken by North American Aviat ion,  1nc. ( 2) 

The Navaho I booster  was a 75,000-pound-thrust 
design using l i q u i d  oxygen and alcohol .  The pump- 
f e d  engine operated a t  300 p s i a  chamber p ressure ,  had 
a double-wall, r egenera t ive ly  cooled t h r u s t  chamber, 
and used decomposed hydrogen peroxide f o r  tu rb ine  
power. (13)  

F igure  4. Sax-a110 Launcliln; 

A change i n  Navaho veh ic le  design n e c e s s i t a t e d  
a new, higher  t h r u s t  engine. A booster  providing 
240,000 pounds t h r u s t  a t  takeoff  was required.  De- 
velopment of the  Navaho I1 ( a  c l u s t e r  of two 120,000- 
pound t h r u s t  engines)  was undertaken i n  1953 (F'if. 5). 

This  engine was g r e a t l y  advanced compared t o  t h e  
o r i g i n a l  Navaho I. A tube-walled t h r u s t  chamber was 
used i n  the  new design r a t h e r  than  t h e  much heav ie r ,  
double-walled design. A "bootstrap" system i n  which 
t h e  prope l lan t  from t h e  main pumps i s  burned i n  a gas  
genera tor  t o  provide the  tu rb ine  d r i v e  gases  was 
used i n  the  Navaho 11. The use of t h e  gas  genera tor  
"bootstrap" power cycle  permit ted removal of t h e  
t h i r d  p rope l lan t  tank--a s i g n i f i c a n t  weight reduc- 
tion--and the  higher  s p e c i f i c  horsepower from t h i s  
system made high-pressure pumps and h igher  chamber 
pressure operat ion p r a c t i c a l .  The high-speed 



turbomachinery ( t h e  pumps operated a t  5500 rpm and 
t h e  geared tu rb ine  operated a t  26,000 rpm) was re -  
quired t o  develop t h e  high flows ( requ i red  f o r  the  
g r e a t e r  t h r u s t )  and higher  pressures  t o  be achieved 
without  a p r o h i b i t i v e  weight penalty. 

The boos te r  requirements f o r  the  Navaho 111, a 
l a t e r  and l a r g e r  veh ic le ,  n e c e s s i t a t e d  a s t i l l  more 
advanced engine. Booster takeoff  t h r u s t  require-  
ments were increased  t o  415,000 pounds, and a higher  
s p e c i f i c  impulse was required.  Development of the 
engine was s t a r t e d  i n  1956. The f i r s t  requirement 
was s a t i s f i e d  by a three-engine c l u s t e r  design using 
Navaho I1 engines uprated t o  175,000 pounds t h r u s t  
each. The chamber pressure was increased from 454 
t o  517 ps i .  The chamber pressure increase ,  and a 
change i n  f u e l  from the  alcohol/water mixture t o  
kerosene r a i s e d  the  sea  l e v e l  s p e c i f i c  impulse t o  
245 seconds. 

The three-engine c l u s t e r  had hinged engines f o r  
veh ic le  con t ro l .  Movable rocket  engines had been 
used f o r  c o n t r o l  i n  previous v e h i c l e s ;  however, t h i s  
was t h e  f i r s t  use of such a system i n  a high-thrust  
rocke t  engine design. The development of l a r g e ,  
f l e x i b l e ,  high-pressure p rope l lan t  l i n e s  was required. 

Although t h e  Navaho I11 engine was never used i n  
a launch v e h i c l e ,  i t s  development achievements a r e  
s i g n i f i c a n t .  The design,  f a b r i c a t i o n ,  and success fu l  
s t a t i c  f i r i n g  of an engine of t h i s  size--415,000 
pounds t o t a l  c l u s t e r  thrust-- in  January 1956 was of 
h i s t o r i c  s ign i f icance .  From these  Navaho engine 
designs,  many of the  b a s i c  f e a t u r e s  f o r  the  engines 
which powered t h e  nex t  s e r i e s  of launch vehicles-- 
the  A t l a s ,  T i t a n ,  Thor, and Jupiter--were derived. 
Perhaps even more important was t h e  f a c t  t h a t  t h e  
development of t h e  Navaho engine gave confidence t h a t  
high-thrust  engines could be designed, f a b r i c a t e d ,  
t e s t e d ,  and b u i l t  on a production bas i s .  

Redstone 

The Redstone veh ic le  ( ~ i ~ .  6 )  was a highly suc- 
c e s s f u l  e a r l y  veh ic le .  The Redstone's development 

Figure 6. Redstone Launching 

was undertaken by the  U.S. Army i n  the e a r l y  1950's 
t o  provide a medium-range b a l l i s t i c  weapon. To 
meet the booster  engine requirements, the develop- 
ment of the  Navaho I engine,  which had been t e r -  
minated a t  t h e  i n i t i a t i o n  of the Navaho 11, was 
r e i n s t a t e d  under U.S. Army cont rac t  i n  A p r i l  1951. 
This  engine met the  t h r u s t  requirements f o r  t h e  
Redstone and was wel l  along i n  development. I n  
1952, production f o r  the  Redstone engine (Fig. 7) 
was s t a r t e d ;  the  f i r s t  Redstone f l i g h t  was conducted 
and success fu l ly  completed i n  January 1954. 

Figure 7. Redstone Engine 

The " f i r s t s "  achieved by t h e  Redstone a r e  numer- 
ous. The Redstone launched America's f i r s t  s a t e l -  
l i t e  on 31 January 1958; t h i s  launching was followed 
by 11 successful  s a t e l l i t e  launchings. The Redstone 
a l s o  powered t h e  Mercury s e r i e s  of s u b o r b i t a l  manned 
missions, the  forerunner  t o  t h e  manned s p a c e f l i g h t  
Mercury program. 

The Succeeding Generation 

Following the Viking, Navaho, Vanguard, and Red- 
s tone ,  came a succeeding genera t ion  of rocket-  
powered veh ic les  f o r  which high-thrust ,  improved 
rocke t  engines were developed. 

At las  

The high-thrust ,  cryogenic rocke t  engine f o r  t h e  
A t l a s  b a l l i s t i c  m i s s i l e  (Fig. 8) had t h e  d i s t i n c t i o n  
of being the  f i r s t  such engine t o  be developed t o  
opera t iona l  s t a t u s  and r e a l i z e  high-level  produc- 
t i o n .  The Ai r  Force A t l a s  p r o j e c t  was i n i t i a t e d  i n  
1953 with t h e  Convair Divis ion of General Dynamics 
Corp. a s  prime cont rac tor .  The propulsion system 
was designed and b u i l t  by t h e  Rocketdyne Divis ion of 
North American Aviat ion,  Inc. 

Following a prel iminary design e f f o r t ,  t h e  A t l a s  
rocke t  engine requirements were defined.  The vehi- 
c l e ,  a one and one-half s tage  design,  requ i red  a 
boost  phase of 140 seconds followed by a 160-second 
sus ta in ing  operat ion.  The propulsion system t o  
provide these  opera t iona l  requirements i n i t i a l l y  



Figure  8. k t l a s  Launching 

c o n s i s t e d  of (1)  two 150,000-pound-thrust booster  
engines which were j e t t i s o n e d  a t  t h e  end of t h e  
boos t  phase, (2) a 57,000-pound-thrust s u s t a i n e r  
engine which operated from l i f t o f f  through sus- 
t a i n e r  cu tof f  f o r  a t o t a l  of 300 seconds, and 
(3)  two 1000-powd-thrust v e r n i e r  engines which 
operated through boost  and s u s t a i n  phase f o r  r o l l  
c o n t r o l  and following s u s t a i n e r  phase f o r  con t ro l led  
v e l o c i t y  cu tof f .  

The A t l a s  rocke t  engines used l i q u i d  oxygen and 
kerosene (RP-1) prope l lan t s ,  had tubular-wall,  
r egenera t ive ly  cooled t h r u s t  chambers, and were 
gimbaled f o r  veh ic le  s tee r ing .  The f i r s t  opera t iona l  
A t l a s  engine system, t h e  MA-2 ( t h e  MA-1 was the  R&D 
vers ion  and used i n  f l i g h t  t e s t i n g ) ,  i s  shown i n  
Fig.  9. The MA-2 had t h e  turbomachinery, con t ro l s ,  
and gas  genera tor  f o r  the  two booster  engines mounted 
t o  t h e  veh ic le  a f t  s t r u c t u r e .  

Figure 9. MA-2 Engine Clus te r  

Following the  MA-2 design,  two improved vers ions  
were designed and b u i l t .  The MA-3 was developed 
s p e c i f i c a l l y  f o r  t h e  weapons system. It had a 
s l i g h t l y  higher  takeoff t h r u s t  (389,000- v s  368,000 
pounds f o r  the MA-2) and was designed f o r  m i l i t a r y  
readiness .  This engine system had independent 
packaging f o r  each booster  engine ( ~ i ~ .  10) and nu- 
merous design innovat ions  a able 1 ) .  

Figure 10. MA-3 Engine C l u s t e r  

The MA-5 was developed f o r  space f l i g h t .  It 
combined t h e  MA-2 launch holddown concept ho able 1 )  
which provides a b r i e f  observat ion period t o  v e r i f y  
operat ion,  toge ther  with t h e  MA-3's r e l i a b i l i t y  and 
performance improvements  a able 1 ) .  The MA-5 main- 
t a ined  the  MA-2's packaging arrangements and a s i n g l e  
gas  genera tor  f o r  the  two boos te r  engines. 

Table 1. A t l a s  Engine Design Evolut ion 

Fagme System !U-3 

Start  System Start  Tank 
Cartridge 

Tllrust Clim1,er Pyrotechnic 
Ienit lon 

Gimllaliqq P o c l q e  Thrust Chamber 

Development >lay 1954 Anguet 1958 1960 
In i t ia ted  

F ir s t  Test  June 1956 1 1958 January 1961 

nooster Turbine 
Drive 

? l i s s i l e  llolddoxu 

Injector Design 
(For S tab i l i ty )  

Turhomaehinery 
Improvements 

1 i t  l i t  1 m e  1 9 5 ~ 1  9 1 October 1960 1 November 1961 
(W.3 Version: >LL-1) 

The requirement f o r  an intermediate-range bal-  
l i s t i c  m i s s i l e  was e s t a b l i s h e d  i n  November 1955, and 
l e d  t o  t h e  development of the  Thor and J u p i t e r  
rocke t  vehicles .  Both were s ingle-s tage designs,  
powered by a s i n r ~ l e  boos te r  engine which used l i q u i d  
oxygen/kerosene prope l lan t s .  Development of t h e s e  

Single Central Gas 
Generator 

Yes 

Independent Cna 
Generators 

No 

Baffled Injector 
(Booster) 

Kel-F Liner 

Single Central Gas 
Generator 

Yes 

Bnffled Injector 
(Booster) 

Kel-F Liner 



engines was undertaken by Rocketdyne i n  November 
1955. Fbth engines were based upon t h e  A t l a s  MA-2 
boos te r  engine. The o r i g i n a l  Thor booster  engine 
developed 150,000 pounds t h r u s t ,  and was l a t e r  up- 
r a t e d  t o  170,000 pounds t h r u s t .  The design and 
packaging of t h e  engine i s  shown i n  Fig. 11. 

Figure 11. ~ h o r / ~ u ~ i t e r  Engine Configurations 

T i t a n  I 

The T i t a n  I m i s s i l e ,  b u i l t  by t h e  Martin Company, 
evolved a s  a backup program t o  t h e  Atlas .  The T i t a n  
was a t w o - s t q e  m i s s i l e  which employed a l t i t u d e  ign i -  
t i o n  of t h e  second-stage engine, d i f f e r i n g  from t h e  
A t l a s  conf igura t ion  where a l l  engines were i g n i t e d  
a t  l i f t o f f .  

F i r s t - s t a g e  propulsion cons i s ted  of a c l u s t e r  of 
two 150,000-pound-thrust l i q u i d  prope l lan t ,  pump-fed 
rocke t  engines using oxygen and kerosene prope l lan t s  
designed and b u i l t  by Aero je t  General Corporation 
( ~ i ~ .  12). A regenera t ive ly  cooled, bell-nozzle 
t h r u s t  chamber, a gas  genera tor  power cycle ,  and a 
chamber pressure c o n t r o l l e r  t o  con t ro l  t h r u s t  were 
employed. Engine s t a r t  was accomplished by means of 
high-pressure gaseous n i t rogen  b o t t l e s  with pyro- 
t echnic  squib i g n i t e r s  i n  both the  g a s  genera tor  and 
t h r u s t  chamber. 

S tage  I 

Figure 12. 

Stage I1 

T i t a n  I 

The upper-stage engine ( a  s i n g l e  u n i t  of t h e  
same type design) used the  same prope l lan t s  a s  the  
booster ,  and had a t h r u s t  of 80,000 pounds a t  
250,000 f e e t  a l t i t u d e .  A separa te  ( a u x i l i a r y )  turbo- 
pump with i t s  own small gas  genera tor  was used t o  
provide prope l lan t s  t o  both t h e  main g a s  genera tor  
and t h e  a u x i l i a r y  turbine-drive g a s  genera tor ;  t h e  
tu rb ine  exhaust from t h e  a u x i l i a r y  turbopump was 
used i n  four  ro l l -con t ro l  nozzles. The a u x i l i a r y  
turbopump was s t a r t e d  by means of s t o r e d  helium gas. 
The engine would then  s t a r t  using t h i s  power source 
and then reach mainstage operat ion.  A f t e r  second- 
s t a g e  engine shutdown, t h e  a u x i l i a r y  turbopump was 
run  i n  s o l o  operat ion f o r  v e r n i e r  t h r u s t  control .  

The 50,000-pound-thrust, man-rated X-15 rocket  
engine was designed and developed by t h e  React ion 
Motors Divis ion of Thiokol Chemical Corp. f o r  t h e  
North American Aviation, Inc., X-15 program. It u t i l i z e s  
anhydrous ammonia and l i q u i d  oxygen p r o p e l l a n t s  i n  a 
s i n g l e  bell-nozzle t h r u s t  chamber conf igura t ion  which 
operates  a t  a design chamber p ressure  of 600 psia .  
The s p e c i f i c  impulse i s  236 seconds a t  s e a  l e v e l .  
The engine i s  designed t o  be under f u l l  con t ro l  of 
the  p i l o t  during rocket  f l i g h t ;  it i s  capable of 
being t h r o t t l e d  t o  50 percent  of r a t e d  t h r u s t ,  shu t  
down, and r e s t a r t e d  back t o  f u l l  t h r u s t .  The pro- 
p e l l a n t  supply system u t i l i z e s  a s ing le -shaf t  turbo- 
pump which includes c e n t r i f u g a l  ox id izer  and f u e l  
pumps driven by a s ingle-s tage,  two-row t u r b i n e ;  
decomposed hydrogen peroxide i s  used t o  propel  t h e  
turbine.  Operational t e s t s  i n  t h e  X-15 engine were 
i n i t i a t e d  i n  1960; an ex tens ive  f l i g h t  program has 
been success fu l ly  conducted with t h e  X-15 engine 
system. 

The Centaur upper s tage  was designed t o  be 
mounted a top  t h e  A t l a s  f o r  missions requ i r ing  high- 
energy prope l lan t s .  With t h e  advent of t h e  Centaur 
came t h e  f i r s t  liquid-hydrogen-fueled r o c k e t  engine 
(RL-10). Although preliminary designs and experi-  
mental e f f o r t s  had been undertaken, it f e l l  t o  t h e  
&lo t o  culminate these  e f f o r t s  i n t o  a f l i g h t  en- 
gine.  The development of t h e  RL-10 was i n i t i a t e d  
by t h e  A i r  Force i n  October 1958; P r a t t  & Whitney 
A i r c r a f t  was t h e  prime cont rac tor .  The Centaur 
s tage ,  designed and developed by General Dynamic 
Corp., used two &lo engines. The f i r s t  i n - f l i g h t  
f i r i n g  of t h i s  system was i n  November 1963. The 
f i r s t  launching of t h e  Surveyor by t h e  A t l a s  Centaur 
t o  a lunar  landing was i n  May I.966.(14) 

Basic f e a t u r e s  of t h e  RL-10 end t h e  performance 
of t h e  models developed a r e  presented i n  Table 2. 
The RL-10 i s  a pump-fed rocke t  e i e w i t h  a regen- 
e r a t i v e l y  cooled t h r u s t  chamber.v4? An expander 
power cycle  is  used i n  t h e  engine i n  which t h e  hydro- 
gen, a f t e r  being discharged from i t s  pump, flows 
through t h e  regenera t ive ly  cooled t h r u s t  chamber tube 
jacke t ,  and then t h i s  heated hydrogen powers t h e  
tu rb ines  before being i n j e c t e d  i n t o  t h e  combustor. 
This  cycle  (1) e l imina tes  t h e  need f o r  a t h i r d  pro- 

s e l l a n t  o r  b iprope l lan t  g a s  genera tor  system and 
2) provides a performance advantage i n  t h a t  a l l  pro- 

p e l l a n t s  exhaust through t h e  main combuator. The 
engine i s  a gimbalable, integral-packaged design 
(~i .g .  13) wi th  t h e  turbopump l i n e s  and va lves  a l l  
mounted t o  t h e  t h r u s t  chamber. 



Table 2. R L l O  Basic Engine Features  

Nominal Vacuum Thrust, pounds 

Type 

Propellants 
Fuel 
Oxidizer 
Operatiq Mixture Ratio Range 
Nominal Mixture Ratio 

Vacuum Specif ic  Impulse, seconds 

Chamber Pressure, ps ia  

Nozzle Area Ratio 

Thrust Chamher 

Tnrb opumps 

15,000 1 15,000 

Liquid bipropellant, pump-fed, 
expander power cycle ,  gimhaling 
capability, restartable. Deep 
thrott l ing demonstrated ' in  
experimental engines. 

I 
Liquid '~ydropen 

Tabular wall, regenerativelg 
cooled 

433 (minimum) 

300 

40 

Centrifugal p d a ,  single turbine 
with gear driven oxidizer pump 

439 minimum 
444 l,nominal] 

400 

57 

boos te r  engine. The turbopump was mounted d i r e c t l y  
t o  t h e  t h r u s t  chamber and the  e n t i r e  package was 
designed f o r  gimbaling. This  arrangement permit ted 
t h e  f l e x  l i n e s  f o r  gimbaling t o  operate  under low 
pressure r a t h e r  than the  high-pressure l i n e s  re- 
qu i red  when the  turbopump i s  mounted separa te ly  from 
t h e  gimbaled engine. 

Unlike t h e  e a r l y  Navaho and A t l a s  MA-2 engine 
c l u s t e r s ,  t h e  H-1 engine was designed and developed 
a s  an independent un i t .  Only t h e  s t a r t  and shutdown 
e l e c t r i c a l  s i g n a l s  l i n k  the  engines i n  t h e  Sa turn  I. 
The engine i s  s t a r t e d  with an engine-mounted, s o l i d  
p rope l lan t  s t a r t  c a r t r i d g e  which e l imina tes  t h e  need 
f o r  a s t a r t  b o t t l e  o r  a ground s t a r t  system. The 
engine opera tes  on a pressure ladder  sequence which 
e l imina tes  the  e l e c t r i c a l  sequence system requi red  
i n  the  e a r l i e r  c o n t r o l  system. 

RL-10 m i n e .  The S-IV upper s tage  f o r  t h e  
Saturn I was powered by s i x  RL-10 engines. These 
RL-10 engines produced a t o t a l  t h r u s t  of 90,000 
pounds. The a v a i l a b i l i t y  of t h i s  engine, developed 
f o r  t h e  Centaur s t a g e ,  permit ted e a r l y  o r b i t a l  flights 
of the  Saturn I. The Saturn I has  had 13 launches. 
The f i r s t  four  had dummy upper s t a g e s ;  t h e  next  s i x  
Saturn 1 ' s  had upper s tages  (s-IV) powered by RL-10 
engines. The f i r s t  f l i g h t  with t h e  RL-10 powered 
upper s tage  was i n  January 1964. 

Figure 13. Centaur RL-10-A-3 Rocket Engine 

Saturn I 

The Saturn I rocke t  veh ic le  o r ig ina ted  a s  one of 
a family of l a r g e  launch veh ic les  s tud ied  by t h e  Army 
B a l l i s t i c  Missi le  Agency i n  1957. The prel iminary 
i n v e s t i g a t i o n s  r e s u l t e d  i n  e s t a b l i s h i n g  a booster  
t h r u s t  requirement of 1,500,000 pounds. Numerous 
engine conf igura t ions  were i n v e s t i g a t e d  and a c l u s t e r  
01 e i g h t  188,000-pound-thrust engines using l i q u i d  
oxygen and kerosene prope l lan t s  based upon the  ~ h o r /  
J u p i t e r  engine design was se lec ted .  This  e f f o r t  was 
then  t r a n s f e r r e d  t o  t h e  National  Aeronautics and 
Space Administrat ion (NASA). 

H-1 Engine. The c o n t r a c t  t o  develop the  H-1 
engine f o r  use i n  t h e  Saturn I was awarded t o  
Rocketdyne i n  August 1958. To. provide the  higher  
t h r u s t ,  t h e  520-psia chamber pressure of the  ~ h o r /  
J u p i t e r  engine design was increased t o  650 p s i a  and 
turbomachinery improvements were made. The packaging 
of t h e  H-1 engine was s i m i l a r  t o  t h e  MA-? A t l a s  

The 5-2 engine was designed a s  a high-thrust  
(200,000 t o  230,000 pounds) oxygen/hydrogen propel- 
l a n t  engine f o r  use i n  t h e  upper s t a g e s  of launch 
veh ic les .  The development program f o r  t h i s  engine 
was cont rac ted  t o  Rocketdyne by NASA i n  September 
1960. The b a s i c  design parameters a r e  presented i n  
Table 3 and t h e  conf igura t ion  i s  shown i n  F i g .  14. 

Table 3. 5-2 Basic  Engine Fea tures  

Thrust  (vacuum) 

TY pe 

Prope l lan t s  
Fue 1 
Oxidizer 
Mixture Rat io 
Operat ingMixture 

Ra t io  Range 

S p e c i f i c  Impulse 
(vacuum) 

Chamber Pressure 
(nozzle s tagna t ion)  

Nozzle Area Rat io  

Thrust  Chamber 

Turbopumps 

Bearing Lubricat ion 

Turbine Drive 

230,000 pounds 

Liquid b i p r o p e l l a n t ,  pump 
f e d  

Liquid hydrogen 
Liquid oxygen 
5 .5 : l  (nominal) 
4 . 5 : 1 t o 5 . 5 : 1  

425 seconds 

717 p s i a  

27.5:l 

Tubular-wall, r egenera t ive ly  
cooled 

Separate  ox id izer  and f u e l  
turbopumps 

Liquid oxygen and l i q u i d  
hydrogen 

Gas genera tor  burning main 
prope l lan t s  



LEGEND 

1 GIMBAL 
2 FUEL I N L E T  DUCT 
3 FUEL BLEED VALVE 
4 GAS GENERATOR 
5 H l G H  PRESSURE 

FUEL DUCT 
6 ELECTRICAL CONTROL 

PACKAGE 
7 PRIMARY F L I G H T  

INSTRUMENTATION 
PACKAGE 

8 M A l N  FUEL VALVE 
9 THRUST CHAMBER 

1 0  ANTI-FLOOD CHECK 
VALVE 

11  HEAT EXCHANGER 
1 2  PROPELLANT 

U T I L I Z A T I O N  VALVE 
1 3  PNEUMATIC CONTROL 

PACKAGE 
1 4  O X I D I Z E R  I N L E T  

DUCT 
1 5  START TANK 

LEGEND 

1 G I M B A L  
2 O X I D I Z E R  I N L E T  DUCT 
3 O X I D I Z E R  TURBOPUMP 
4 START T A N K  
5 A U X I L I A R Y  F L I G H T  

INSTRUMENTATION 
PACKAGE 

6 EXHAUST M A N I F O L D  
7 THRUST CHAMBER 
8 O X I D I Z E R  T U R B I N E  

BYPASS V A L V E  
9 T U R B I N E  BYPASS 

DUCT 
1 0  M A l N  F U E L  V A L V E  
1 1  H l G H  PRESSURE 

F U E L  DUCT 
1 2  S T A R T  T A N K  

DISCHARGE V A L V E  
1 3  F U E L  TURBDPUMP 
1 4  F U E L  B L E E D  V A L V E  
1 5  F U E L  I N L E T  DUCT 

hydrogen s t a r t  tank and an augmented spark i g n i t i o n  
system (ASI) fea tur ing  automatic r e s e t  provide t h e  
mul t ip le  r e s t a r t  capabi l i ty .  

The pumps a r e  mounted on opposi te  s i d e s  of the  
t h r u s t  chamber and have s t r a i g h t  a x i a l  i n l e t s .  The 
e n t i r e  assembly i s  gimbaled. 

The 5-2 engine completed i t s  f i r s t  250-second 
s t a t i c )  t e s t  i n  August 1962; the  i n i t i a l  vers ion  
200,000 pounds t h r u s t  engine) completed i t s  qual i -  

f i c a t i o n  f l i g h t  r a t i n g  program i n  January 1966. The 
f i r s t  f l i g h t  of t h i s  engine was a s  an upper s tage  i n  
the  Uprated Saturn I i n  February 1965. A h igher  
t h r u s t  vers ion  of 270,000 pounds was i n i t i a t e d  on 
12 Ju ly  1965. The engine q u a l i f i c a t i o n  t e s t  s e r i e s  
on t h i s  vers ion  was completed on 22 August 1966. 

The F-1 rocke t  engine was developed t o  provide 
a  high-thrust  (1,522,000 pounds a t  s e a  l e v e l )  booster  
engine. The F-1 engine development program was 
awarded t o  Rocketdyne i n  January 1959. The g i a n t  
s t r i d e  i n  t h r u s t  was t o  be t h e  major design advance- 
ment. Although t h i s  i n  i t s e l f  n e c e s s i t a t e d  many 
technology advancements and f a b r i c a t i o n  innovat ions,  
NASA d i r e c t e d  t h a t  a  design using t r i e d  and proven 
prope l lan t s  ( l i q u i d  oxygen and RP-1, kerosene) be 
used, and the  prime emphasis be placed upon r e l i a -  
b i l i t y .  F-1 design parameters a r e  shown i n  Table 4 
and i t s  configurat ion i s  i l l u s t r a t e d  i n  Fig. 15. 

Table 4. F-1 Engine Fea tures  

Figure 14. 5-2 Rocket Engine 

I n  t h e  5-2, a  s i n g l e  g a s  genera tor  suppl ies  
fue l - r ich  g a s  t o  d r i v e  t h e  hydrogen-pump turb ine  
and then,  i n  s e r i e s ,  t o  d r i v e  the  oxygen-pump t u r -  
bine. This  arrangement g ives  high cycle  e f f ic iency  
and allows simple c o n t r o l  of t h r u s t  and mixture 
r a t i o .  The tu rb ine  exhaust gas  i s  introduced i n t o  
t h e  main rocke t  nozzle  f o r  e f f e c t i v e  d i sposa l  and 
t o  recover  much of i t s  remaining propulsive fo rce .  

Prope l lan t  u t i l i z a t i o n  c o n t r o l  i s  provided so 
t h a t  p r o p e l l a n t  mixture r a t i o  can be cont ro l led  i n  
f l i g h t  i n  accordance with veh ic le  command s igna ls .  
Prope l lan t  l u b r i c a t e d  turbopump bearings were 
developed t o  e l imina te  t h e  need f o r  separa te  l u b r i -  
ca t ing  systems, t o  avoid t h e  problem of p ro tec t ing  
o i l  from low p r o p e l l a n t  temperatures and the  low The F-1 t h r u s t  chamber i s  a  regenera t ive ly  
temperatures of space, and t o  minimize contamination 

cooled, tubular-wall design with a  removable tu rb ine  
problems. exhaust gas-cooled nozzle  extension. The gas-cooled - - 

The engine is completely independent, carrying removable nozzle extension was adopted t o  f a c i l i t a t e  

i t s  own helium supply f o r  valve ac tua t ion  and a  
t r a n s p o r t a t i o n  of the  engine. The turbopump, a  

hermetical ly  electrical control unit single-uni t ,  s ing le -shaf t ,  d i rec t -dr ive  design,  i s  
suppl ies  a l l  c o n t r o l  l o g i c  f o r  engine s t a r t ,  c u t o f f ,  On the thrust chamber in "piggy- 

and r e s t a r t .  The rechargeable,  engine-mounted, back" fashion.  The engine 's  power cycle  uses  fue l -  
r i c h  g a s  genera tor  gases  t o  power the  turbine.  

Thrust  ( sea  l e v e l )  

Type 

Prope l lan t s  
Fuel  
Oxidizer 
Mixture Rat io 

Nominal Spec i f ic  
Impulse 

Sea Level 
Vacuum 

Chamber Pressure 
(nozzle s tagna t ion)  

Nozzle Area Rat io 

Thrust  Chamber 

Turbopump 

Bearing Lubricat ion 

Turbine Drive 

1,522,000 pounds 

Liquid b i p r o p e l l a n t ,  pump fed  

RP-1 (kerosene) 
Liquid oxygen 
2.27:l 

265.4 seconds 
304.1 seconds 

980 p s i a  

1 6 : l  

Tubular-wall , regenera t ive ly  
cooled t o  nozzle a r e a  r a t i o  
of 1 0 : l ;  tu rb ine  gas  cooled 
t o  a r e a  r a t i o  of 1 6 : l  

Single-uni t ,  s ing le -shaf t ,  
with d i rec t -dr ive ,  c e n t r i -  
f u g a l  f u e l  and ox id izer  pumps 

RP-1 f u e l  

Gas genera tor  burning main 
prope l lan t s  



Figure 15. F-1 Engine 

The F-1 development was preceded and enhanced by 
a program i n i t i a t e d  i n  mid-1958 a t  Rocketdyne under 
an A i r  Force c o n t r a c t  which included design, f a b r i -  
c a t i o n  and i n i t i a l  t e s t i n g  of t h r u s t  chamber and 
i n j e c t o r  components f o r  a 1,000,000-pound-thrust 
engine. 

The f i r s t  r a t e d  t h r u s t  and dura t ion  F-1 t e s t  
f i r i n g  was conducted in May 1962; the engine qual i -  
f i c a t i o n  t e s t  s e r i e s  was completed i n  September 
1966, The F-1 engine ( a  c l u s t e r  of f i v e )  i s  used t o  
power t h e  f i r s t  s t age  of NASA's Saturn V launch 
vehicle .  

Of major s i g n i f i c a n c e  i n  t h e  F-1' d velopment 
was t h e  combustion s t a b i l i t y  program.8157 Unpre- 
d i c t a b l e ,  random combustion i n s t a b i l i t y  i s  always a 
p o t e n t i a l  problem i n  developing l a r g e ,  high-chamber- 
p ressure  engines. The causes of such i n s t a b i l i t y  
a r e  s t i l l  n o t  completely understood. Aids have 
been developed t o  i n v e s t i g a t e  i n s t a b i l i t y ,  These 
were used ex tens ive ly  i n  t h e  F-1 engine development. 
High-speed instrumentat ion capable of measuring 
combustion i n s t a b i l i t y  phenomena was used permit- 
t i n g  d iagnos i s  and understanding of the  combustion 
behavior i n  t h e  chamber and i n  t h e  eva lua t ion  of 
design modif icat ions.  The technique of imposing 
a r t i f i c i a l  d i s tu rbances  t o  t e s t  the  dynamic s t a -  
b i l i t y  of an engine design was a l s o  used extensively. 
I n  t h i s  technique,  an explosive bomb, placed i n  t h e  
combustion zone and detonated during operat ion,  i s  
used t o  produce a pressure dis turbance,  The s e l f -  
damping c h a r a c t e r i s t i c s  of t h e  i n j e c t o r  and feed  
systems can then  be evaluated i n  a l l  p o t e n t i a l  in -  
s t a b i l i t y  modes. Thus, r a t h e r  than running hundreds 
of t e s t s  t o  accumulate s t a t i s t i c s  on t h e  engine 
s t a b i l i t y ,  t h e  a r t i f i c i a l  dis turbance provided a 

means t o  t e s t  i n j e c t o r s  f o r  s t a b i l i t y  character-  
i s t i c s .  Tw osc i l lograph  t r a c e s  a r e  shown i n  
Fig.  16;  (l59 one of an unstable  i n j e c t o r  configur- 
a t i o n  showing large-amplitude, s e l f - t r i g g e r e d  
f l u c t u a t i o n s  in chamber p ressure ,  and one of a 
s t a b l e  i n j e c t o r ,  showing damping of the  bomb- 
induced pressure f l u c t u a t i o n  i n  a few m i l l i -  
seconds. The high-performance i n j e c t o r  developed 
f o r  t h e  F-1 engine has demonstrated e x c e l l e n t  
damping c a p a b i l i t y  by repeated s e l f - s t a b i l i z a t i o n  
following bomb-induced dis turbances.  

COMBUSTION STABILITY 

DYNAMICALLY UNSTABLE 

Figure 16. Combustion S t a b i l i t y  

Thrust  uprat ing on the  F-1 may be accomplished 
by increasing the  operat ing chamber pressure.  This  
requ i res  higher  pump discharge pressures ,  a higher  
tu rb ine  power output ,  and s t r u c t u r a l  s t rengthening 
of the components. Deta i led  s t u d i e s  of t h e  design 
f o r  these  modified components have been completed, 
To f u r t h e r  i n v e s t i g a t e  t h i s  c a p a b i l i t y ,  experimental 
turbopump components t o  provide the  head and flow 
requi red  f o r  the  1,800,000-pound s e a  l e v e l  t h r u s t  
have been b u i l t  and success fu l ly  t es ted .  

M-1 Engine 

The M-1 program was i n i t i a t e d  i n  1962 under NASA 
sponsorship by the  Aero je t  General Corp. The program 
was t o  produce a high-thrust  (1,500,000-~ound vacuum) 
high-energy prope l lan t  (oxygen/hydrogen) rocke t  

sed upon a moderate s tate-of- the-ar t  advance- 
ment. enginrlgs Because of postponement of plans t o  develop 
a veh ic le  which would use the  M-1, t h e  program was 
terminated p r i o r  t o  completion of the  engine 
development. 

The M-1 design had a t h r u s t  chamber with a 4 0 : l  
nozzle  a r e a  r a t i o ,  having a tubular-wall,  regener- 
a t i v e l y  cooled s e c t i o n  t o  1 4 : l  a r e a  r a t i o ,  and 
turbine-exhaust-cooled extension. The engine had 
dua l  turbopumps, side-mounted t o  t h e  t h r u s t  chamber 
and the  e n t i r e  u n i t  could be gimbaled. A g a s  gen- 
e r a t o r  power cycle was used with the  flow t o  the  
tu rb ines  i n  s e r i e s .  The engine had p r o p e l l a n t  u t i l i -  
z a t i o n  (mixture r a t i o )  c o n t r o l  through f u e l  tu rb ine  
power regu la t ion  by use of a bypass l i n e .  

The M-1 program achieved s i g n i f i c a n t  t e c h n i c a l  
milestones and u s e f u l  information on t h e  design,  fab- 
r i c a t i o n ,  and t e s t i n g  of l a r g e ,  h igh- thrus t ,  high- 
f lowrate  and high-pressure, hydrogen-propellant 
engine components. The high, head and flow hydrogen 
turbopump i s  t h e  l a r g e s t  designed and b u i l t  f o r  a 



hydrogen-fueled engine. The t h r u s t  chamber and 
high-flow hydrogen va lves  a l s o  were a major s t e p  i n  
s i z e  f o r  a hydrogen-fueled engine. 

The hydrogen pump i s  an eight-s tage a x i a l  flow 
pump preceded by a mixed-flow, f i r s t - s t a g e  inducer  
and an axial-flow, second- ( t r a n s i t i o n )  s tage  
inducer ,  and provided a 600-lb/sec hydrogen flow 
with an 1800-psi pressure r i s e ,  The u n i t  had 
propellant-cooled and l u b r i c a t e d  r o l l e r  bearings and 
b a l l  bear ings  f o r  a x i a l  loads. 

The i n j e c t o r  f o r  t h e  t h r u s t  chamber was a co- 
a x i a l  element design s i m i l a r  t o  t h e  5-2 and RL-10 
b u t  was much l a r g e r  i n  s i z e .  I n  t h e  development 
program, an a b l a t i v e  l i n e r  was used i n  t h e  e a r l y  ex- 
perimental  t h r u s t  chambers; t h i s  permit ted d i r e c t  
observat ion of s t r e a k i n g  o r  o ther  l o c a l  abnormal 
condit ions.  This  concept .was found t o  be very use- 
f u l  i n  t h e  program t o  check i n j e c t o r  operat ion.  

R e l i a b i l i t y  

Before reviewing some of t h e  d e t a i l s  of the  
t e c h n i c a l  advances achieved i n  these  rocke t  engines, 
a review of t h e i r  r e l i a b i l i t y  record i s  i n  order. 
The r e l i a b i l i t y  record compiled by A i r  Force and 
NASA launches using t h e  rocke t  engines discussed i s  
summarized i n  Table 5+. The d a t a  a r e  f o r  unc lass i -  
f i e d  missions,  mainly missions i n  which t h e  objec- 
t i v e  was t o  place a s a t e l l i t e  i n t o  o r b i t .  Fkl ia-  
b i l i t y  i s  def ined  a s  t h e  number of successes  divided 
by t h e  number of exposures. 

Table 5. Space Launch R e l i a b i l i t y  
Through March 1967 
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The e a r l y  rocke t  programs such a s  t h e  Vanguard 
and Navaho had i n i t i a l  f a i l u r e s  a t  t h e  s t a r t  of t h e i r  
f l i g h t  program. However, t h e  r e l i a b i l i t y  was im- 
proved considerably a s  these  programs progressed. 
The Redstone 's  r e l i a b i l i t y  record was very good. In 
75 launches, only two f a i l u r e s  occurred. The f i r s t  
was i n  t h e  t h i r d  f l i g h t ,  and was t h e  r e s u l t  of a 
known def ic iency  ( l a t e r  cor rec ted)  i n  t h e  system. 
The second was a Mercury t e s t  launch i n  which t h e  
f a i l u r e  of e l e c t r i c a l  ground equipment t o  detach 
properly s h u t  down t h e  engine j u s t  a f t e r  l i f t o f f .  
Since t h e  t h i r d  f l i g h t ,  when t h e  engine f a i l u r e  
occurred, t h e  Redstone v e h i c l e ,  i n  a t o t a l  of 72 
launches,  has  no t  had an engine f a i l u r e .  

*No d a t a  on t h e  Hermes engine programwere ava i lab le .  

The records  of t h e  Thor and A t l a s  a r e  l i m i t e d  t o  
nonmil i tary space launches because of s e c u r i t y  regu- 
l a t i o n s .  The Thor v e h i c l e  has completed 228 f l i g h t s  
without  an engine f a i l u r e .  There was b u t  one engine 
f a i l u r e  i n  i t s  e n t i r e  space launch h i s t o r y ;  t h a t  was 
on the  f i r s t  f l i g h t .  The Thor, i n  c o n j ~ m c t i o n  w i t h  
var ious  upper s tages ,  has placed over 200 s a t e l l i t e s  
i n t o  o r b i t .  From t h e  i n i t i a l  space launch i n  1958 
t o  t h e  p r e s e n t ,  it has an o v e r a l l  launch r e l i a b i l i t y  
g r e a t e r  than 0.99. The A t l a s  v e h i c l e  has performed 
over 120 space launches involving more than  500 
l i q u i d  p r o p e l l a n t  engines w i t h  an o v e r a l l  propul- 
s i o n  system r e l i a b i l i t y  g r e a t e r  than 0.97. 

I n  t h e  Centaur program, t h e  Centaur upper s tage  
experienced s e v e r a l  i n i t i a l  f a i l u r e s  caused by pro- 
p e l l a n t  s e t t l i n g  and tankage. However, t h e  l a t e r  
f l i g h t s  have scored successes. 

The Sa turn  I v e h i c l e s  have been completely suc- 
c e s s f u l  i n  13 launches. The Sa turn  I, S-IV upper 
s tage  using s i x  RL-10 engines f l ew s i x  t imes wi th  
complete propulsion success. The f i r s t  t h r e e  f l i g h t s  
wi th  t h e  5-2 powered S-IVB upper s t a g e  in t h e  Uprated 
Sa turn  I a l s o  have been completely success fu l .  I n  
a l l  these  Sa turn  f l i g h t s ,  147 engines (H-1, RL-10, 
and J-2) have been f i r e d  wi th  only a s i n g l e  malfunc- 
t i o n .  This  malfunct ion in 1 of t h e  104 H-1 engines 
used i n  t h e  f i r s t  s t age  r e s u l t e d  only i n  engine shut-  
down; t h e  success  of t h e  mission was n o t  a f f e c t e d  
s ince  t h e  f i r s t  s t age  on t h e  S-I v e h i c l e  i s  designed 
wi th  engine-out c a p a b i l i t y .  

As can be seen from t h e  launch h i s t o r y ,  we a r e  
approaching the  goa l  of 100 percent  propulsion 
system r e l i a b i l i t y .  The Atlas-Mercury, Gemini, and 
Saturn launches have been 100 percent  success fu l .  
With continued emphasis on r e l i a b i l i t y ,  des ign  s i m -  
p l i c i t y ,  and improved concepts, t h e  h igh  r e l i a b i l i t y  
w i l l  no t  only continue b u t  w i l l  improve f o r  f u t u r e  
cryogenic engine systems. 

Technolopical Advances 

As t h e  review of engine programs i n d i c a t e s ,  t h e  
component technology f o r  cryogenic rocke t  engines 
has  advanced considerably s ince  t h e  e a r l y  s e r i e s  of 
engines. The development e f f o r t  on these  engines,  
toge ther  with extensive NASA-, A i r  Force-, and 
company-supported technology programs, has  been 
d i r e c t e d  a t  t h e  a r e a s  which l i m i t e d  engine improve- 
ment. The wide scope of t h i s  e f f o r t  cannot be com- 
p l e t e l y  reviewed here. However, s e v e r a l  key a r e a s  
a r e  b r i e f l y  discussed t o  show how advances over t h e  
years  have improved the  engine designs. 

Thrust  Chamber 

The b a s i c  rocke t  engine t h r u s t  chamber has  under- 
gone considerable  change s ince  the  f i r s t  con ica l  noz- 
z l e  used i n  e a r l y  engines, The improvements have 
been d i r e c t e d  t o  increas ing  performance and reducing 
weight. 

To achieve h igher  performance, h igher  a r e a  r a t i o  
and higher  chamber pressure ( t o  minimize t h r u s t  
chamber s i z e  and weight) designs were introduced. 
The a b i l i t y  t o  adequately cool the  t h r u s t  chamber of 
cryogenic l i q u i d  rocke t  engines a t  inc reas ing  pres- 
sure  l e v e l s  has  been a major f a c t o r  pacing develop- 
ment of large, high-pressure engines. The t h r o a t  



h e a t  f l u x  ( q / ~ ) - - t h e  governing parameter--rises with 
increas ing  chamber p ressures  a s  shown i n  Fig. 17, 

The improvement i n  turbomachinery power-to-weight 
r a t i o  which has occurred i s  shown i n  Fig.  18. This  i m -  
provement has been the  r e s u l t  of technology advances i n  
high-speed bearings,  high-speed inducer  s u c t i o n  perform- 
ance, and i n  increased impeller  t i p  speed ( u ~ ) .  

Figure 17, Thrust  Chamber Technology 

The e a r l y  t h r u s t  chamber designs employed 
double-wall cons t ruc t ion ;  regenera t ive  cooling was 
used with t h e  f u e l  flowing between t h e  wal l s .  This  
design was l i m i t e d  i n  i ts  c a p a b i l i t y  t o  ca r ry  off  
t h e  h e a t ;  t h a t  i s ,  t o  be designed t o  operate  a t  a 
high t h r o a t  h e a t  f lux.  This  design l i m i t a t i o n  
e x i s t s  because t h e  coo lan t  cross-sect ional  a r e a  a t  
t h e  t h r o a t  cannot be made s u f f i c i e n t l y  small and 
uniform t o  achieve t h e  necessary high coolant  
v e l o c i t y .  

To increase  t h e  coolant  v e l o c i t y  i n  the  t h r o a t  
s e c t i o n  and c a r r y  off  t h e  higher  h e a t  f l u x  r e s u l t -  
ing  wi th  higher  chamber pressure (and t o  reduce wal l  
th ickness  and thermal r e s i s t a n c e )  thin-walled tubes 
were adopted f o r  t h e  t h r u s t  chamber walls .  The 
tubes  were of varying width t o  form the  nozzle 
shape, As chamber p ressures  increased ,  a "double 
t a p e r "  was added t o  t h e  tube design,  t o  vary the  
tube cross-sect ional  a r e a  and t h u s  provide a higher  
coolant  v e l o c i t y  i n  the  t h r o a t  s e c t i o n  without  
having a high v e l o c i t y  (and high pressure drop) 
throughout t h e  tube.  The adoption of t h e  th in-  
walled tubes  a l s o  r e s u l t e d  i n  very s i g n i f i c a n t  
weight reduct ions.  

A f u r t h e r  s i z e  and weight reduct ion was 
achieved by in t roduc t ion  of t h e  bell-shaped nozzle. 
This  nozzle ,  compared t o  a s tandard 15-degree ha l f -  
-le con ica l  nozzle ,  can have a 20-percent s h o r t e r  
l eng th  without  any performance reduct ion (Fig. 17). 

Recent emphasis on f u r t h e r  increases  i n  chamber 
p ressures  has n e c e s s i t a t e d  opt imizat ion of coo lan t  
passages and t h e  use of higher  temperature tube 
mate r ia l s .  Also, f i l m  cooling i s  being inves t iga ted  
f o r  high pressures ;  t h e  emphasis i s  on d i s t r i b u t i o n  
schemes t o  achieve adequate sur face  coverage a t  a 
reasonable coolant  flow, and s t i l l  maintain good 
s p e c i f i c  impulse performance. 

Turbopumps 

The growth of t h e  t h r u s t  and chamber pressure 
i n  cryogenic rocke t  engines generated extremely 
high power requirements f o r  t h e  turbomachinery. To 
minimize turbomachinery weight,  turbopump speeds 
have cont inua l ly  increased.  The higher  speed per- 
mi t s  smal le r  diameter r o t a t i n g  components t o  provide 
t h e  power requ i red ,  and t h e  weight of the  u n i t  i s  
minimized. Thus, improving t h e  s t a t e  of t h e  a r t  of 
t h e  turbopumps i s  d i r e c t l y  l inked t o  increas ing  
t h e i r  operat ing speed. 

Figure 18. Rocket Turbopump Development 
and Technology * 

The increase  i n  operat ing speed of t h e  bear ings ,  
o r  bearings DN**,has r e s u l t e d  from advances made i n  
bearing technology through opt imizat ion of t h e  bear- 
ing performance f o r  speed, load capac i ty ,  and f a t i g u e  
l i f e ,  By optimizing b a l l  s i z e ,  con tac t  angle,  con- 
t a c t  e l l i p s e  and p i t c h  diameter and by using proper 
race  curvature,  both con tac t  f a t i g u e  and overheating 
wear have been reduced. High-strength m a t e r i a l s  and 
the  f a b r i c a t i o n  of p r e c i s i o n  p a r t s  with improved 
sur face  f i n i s h e s  have cont r ibu ted  t o  t h e  success  of 
high-speed turbopump bearings. 

Bearings with DN values i n  excess  of 1.5 m i l l i o n ,  
where t h e  pumped f l u i d  ( the  cryogenic p rope l lan t )  
a c t s  a s  t h e  bearing coolant  and l u b r i c a n t ,  have been 
developed. The prope l lan t  l u b r i c a t i o n  f e a t u r e  elim- 
i n a t e s  the  need f o r  add i t iona l  l u b r i c a t i o n  systems 
and s i m p l i f i e s  t h e  sea l ing  problem. 

The suc t ion  performance of pump inducers  has  been 
s t e a d i l y  improved t o  permit higher  operat ing speeds. 
Resu l t s  from technology programs have shown how blade 
angle,  s o l i d i t y ,  hub r a t i o ,  t a p e r ,  leading-edge pro- 
f i l e ,  and blade sweep, a f f e c t  the  c a v i t a t i o n  charac- 
t e r i s t i c s  on t h e  inducer. With t h e  development of 
t h e o r i e s  on t h e  c a v i t a t i o n  phenomenon, t h e  s u c t i o n  
performance of inducers  has increased by a f a c t o r  of 
2 ( ~ i ~ .  18). This  increase  i n  turbopump suc t ion  per- 
formance permits the  pump t o  operate  a t  h igher  speeds 
toge ther  with s i g n i f i c a n t  reduc t ions  i n  NPSII;" t h i s  
i n  t u r n  permits  the p r o p e l l a n t  t ank  pressures  t o  be 
reduced. 

Pump impeller  tip-speed l i m i t a t i o n s  have been 
extended by t h e  use of high-strength m a t e r i a l s ,  i m -  
proved designs,  and advanced f a b r i c a t i o n  techniques. 
The use of these  high-eff iciency,  high-tip-speed 
impellers  has  increased t h e  design speed, thus  re- 
s u l t i n g  i n  higher  power-to-weight r a t i o s .  

*Ss ( ~ e a s u r e  of t h e  a b i l i t y  of t h e  pump t o  p e r f o r  
a t  low i l e t  Pressure )  = Pump Speed r Flowra te l f i  
- m11371h 

=Bearing diameter (mm) x pump speed (rpm) 
**NPSII ( n e t  p o s i t i v e  s u c t i o n  head) = t o t a l  pressure 

head minus vapor pressure 



System Design and Packaging Evolut ion 

The progress  i n  design and packaging f o r  cryo- 
gen ic  rocke t  engines i s  i l l u s t r a t e d  i n  Fig. 19. I n  
e a r l y  systems such a s  t h e  Redstone, the  turbopump, 
l i n e s ,  and cont ro l s  were loca ted  above t h e  t h r u s t  
chamber. Thrust  v e c t o r  c o n t r o l  was achieved by 
means of j e t  vanes. La te r  designs used gimbaled 
t h r u s t  chambers. Since only t h e  t h r u s t  chamber gim- 
baled,  f l e x i b l e  high-pressure l i n e s  were requ i red  
between the  pump and t h r u s t  chamber. However, when 
t h r u s t s  and chamber p ressures  were increased,  t h e  
turbopump was mounted onto t h e  t h r u s t  chamber. The 
pump and chamber were gimbaled a s  a u n i t ,  and low- 
pressure f l e x  l i n e s  a t  t h e  pump i n l e t s  were used. 

Figure 19. Design and Packaging Evolut ion i n  
Cryogenic Rocket Engines 

I n  e a r l y  a p p l i c a t i o n s  of mul t ip le  engines ( the  
A t l a s  boos te r  and Navaho boos te r )  the  propulsion 
system was designed a s  a complete u n i t  a s  opposed t o  
t h e  modular approach where each engine could be 
"plugged i n "  a s  a un i t .  For example, a s i n g l e  gas  
genera tor  was used t o  supply both turbopumps on the  
Navaho I1 and t h e  f i r s t  A t l a s  boos te r  engine (MA-2). 
This  approach n e c e s s i t a t e d  complete system acceptance 
t e s t i n g .  Later, design and r e l i a b i l i t y  s t u d i e s  in-  
d i c a t e d  t h e  advantages of the  modular approach where 
acceptance t e s t i n g  could be accomplished on individ-  
u a l  engines. System a c c e s s i b i l i t y  a l s o  was g r e a t l y  
improved s ince  each engine could be ind iv idua l ly  re-  
moved a s  a u n i t .  

S t a r t i n g  Methods 

S t a r t i n g  methods f o r  pump-fed cryogenic engines 
have evolved over t h e  years  t o  systems which can pro- 
v ide  r e l i a b l e  s t a r t s  s ~ e c i f i c a l l y  t a i l o r e d  t o  t h e  
engine, t h e  p r o p e l l a n t  combination, and t h e  appl ica-  
t i o n .  Basic s t a r t i n g  methods have long been known; 
f o r  example, one of D r .  Goddard's l a s t  rocke ts  u t i -  
l i z e d  n i t rogen  gas  expansion t o  supply t h e  s t a r t i n g  
power. This  i s  t h e  same b a s i c  method u t i l i z e d  i n  
t h e  oxygen/hydrogen p r o p e l l a n t  5-2 eugine. 

I n  pump-fed rocke t  engines,  t h e  power t o  d r i v e  
t h e  pumps (during s t a r t  before t h e  engine i t s e l f  
suppl ies  t h e  power) can be supplied by a v a r i e t y  of 
methods ( ~ i ~ .  20). Ear ly  b a l l i s t i c  m i s s i l e  engines 
(i .e. ,  t h e  A t l a s  and T i t a n  I boos te r  engines)  em- 
ployed ground s t a r t  t anks  which contained gas- 
p ressur ized  prope l lan t  t o  feed t h e  b iprope l lan t  gas  
genera tor  which drove t h e  turbines.  As pump d i s -  
charge pressure  b u i l d s  up, the  tu rb ine  flow is ob- 
t a i n e d  by using t h e  high-pressure pump discharge i n  
a b o o t s t r a p  fashion. This  system n e c e s s i t a t e d  quick 
disconnects  and a d d i t i o n a l  c i r c u i t r y  f o r  the s t a r t  
sequence. La te r  vers ions  of these  engines, a s  wel l  

a s  t h e  H-1 engine, employ a s o l i d  p rope l lan t  tu rb ine  
s t a r t e r  t o  supply turbopump power during s t a r t .  
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Figure 20. S t a r t i n g  Methods 

The e l e c t r i c a l  system (solenoid va lves ,  r e l a y s )  
f o r  s t a r t  was v i r t u a l l y  el iminated by a p p l i c a t i o n  of 
a pressure-ladder valve-sequencing method. I n  t h i s  
method, the  turbopump i s  s t a r t e d  with the  s o l i d -  
p rope l lan t  tu rb ine  s t a r t e r  (SPTS); p r o p e l l a n t  pres- 
sure  bu i lds  up aga ins t  t h e  closed main p r o p e l l a n t  
va lves ,  and fuel-pump discharge pressure i s  then  used 
t o  open the  main valves. The valve sequencing i s  
con t ro l led  by mechanical and hydrau l ic  in te r locks .  
This  method of s t a r t  provides r a p i d  pump accelera-  
t i o n  and g r e a t l y  reduces engine s t a r t  times. For 
l a r g e  booster  engines, such a s  the  1,522,000-pound- 
t h r u s t  F-1 engine, t h e  requ i red  s i z e  f o r  an SPTS 
increased s i g n i f i c a n t l y ,  and s ince  high i n l e t  pres- 
s u r e s  were ava i lab le  from t h e  s tage ,  an engine s t a r t  
using ava i lab le  p rope l lan t  tank-head pressure was 
developed. 

I n  a tank-head s t a r t ,  the  t u r b i n e  d r i v e  g a s  i s  
produced i n  t h e  g a s  genera tor  under tank-head pres- 
sure. As pump speed and pressure  b u i l d  up, t h e  main 
combustion chamber i s  i g n i t e d  a t  low pressure.  Pump 
discharge pressure is  a v a i l a b l e  t o  supply t h e  
turbine-drive gas  genera tor  a t  inc reas ing  pressures .  
The engine system a t t a i n s  i t s  r a t e d  t h r u s t  value 
s ince  t h e r e  i s  an excess of tu rb ine  power t o  accel- 
e r a t e  t h e  turbopump. The tank-head start technique 
has been r e f i n e d  i n t o  a highly r e l i a b l e  s t a r t i n g  
method and has s i m p l i f i e d  engine operation. 

For the  oxygen/hydrogen p r o p e l l a n t  engines,  
var ious  s t a r t i n g  methods have been employed. The 
RL-10 engine u t i l i z e s  t h e  h e a t  input  t o  the  hydro- 
gen from the  chilldown of t h e  t h r u s t  chamber tube 
bundle. S u f f i c i e n t  h e a t  i s  gained by t h e  hydrogen, 
which i s  used f o r  turbine-drive e a s .  t o  enable - ,  
engine s t a r t  i n  t h i s  manner ( ~ i ~ .  20). On t h e  5-2 
engine, a s t o r e d  hydrogen g a s  b o t t l e  i s  used t o  sup- 
p ly  i n i t i a l  tu rb ine  power. The b o t t l e  can be re-  
charged i n  f l i g h t  by t h e  engine t o  provide mul t ip le  
s t a r t  capabi l i ty .  The M-1 engine used s t o r e d  helium 
g a s  f o r  i t s  design. 

Engine Cycles 

The evolu t ion  of cryogenic engine power cyc les  
has had two main goa ls :  the  f i r s t  was t o  e s t a b l i s h  
an e f f i c i e n t  and r e l i a b l e  tu rb ine  power source,  and 
the  second was t o  ob ta in  t h e  maximum poss ib le  speci-  
f i c  impulse from t h e  main combustion chamber and the 



t u r b i n e  exhaust  gases. Some of t h e  e a r l y  power 
cyc les  employed f o r  cryogenic rocke t  engines a r e  
i l l u s t r a t e d  i n  Fig. 21. The Redstone employed a 
hydrogen peroxide supply from a separa te  tank which 
was c a t a l y t i c a l l y  decomposed i n  a gas  genera tor  t o  
f u r n i s h  tu rb ine  power. Hydrogen peroxide provided 
a s u i t a b l e  tu rb ine  working f l u i d  a t  con t ro l lab le  
temperatures. This  represented an advancement over 
pressure-fed engines i n  t h a t  higher  chamber pres- 
s u r e s  could be a t t a i n e d .  

S E P A R A T E  T U R B I N E  P R O P E L L A N T  T A P O F F  C Y C L E  
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Figure 21. Engine Cycles 

The nex t  s e r i e s  of engines ( i , e . ,  A t l a s ,  T i t a n  I, 
Thor, and ~ u ~ i t e r )  u t i l i z e d  a b i p r o p e l l a n t  gas  gen- 
e r a t o r  which used the  same prope l lan t s  a s  the  main 
chamber b u t  a t  a reduced mixture r a t i o  t o  con t ro l  
t h e  g a s  temperature. This  el iminated the  separa te  
g a s  genera tor  p r o p e l l a n t  tankage and pointed t h e  way 
f o r  f u r t h e r  increases  i n  chamber p ressures ,  s ince  a 
h igher  s p e c i f i c  horsepower i s  ava i lab le  f o r  t h e  tur- 
bine. The t u r b i n e  i s  f e d  from t h e  pump discharge 
pressure  i n  a "bootstrap" fashion. A l a t e r  re f ine-  
ment of t h i s  cycle  i s  t h e  tapof f  cycle  where r e l a -  
t i v e l y  cool gases  from t h e  main chamber a r e  tapped 
off  and used f o r  tu rb ine  d r i v e  gas. This  e l imina tes  
t h e  gas  genera tor  chamber and t h e  assoc ia ted  valves 
and cont ro l s .  

t h r u s t  chamber performance. This  cycle  i s  l i m i t e d  
i n  the  obtainable chamber p ressures  because of t h e  
l i m i t  of a v a i l a b l e  tu rb ine  power from t h e  heated 
hydrogen. 
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Figure 22. Turbine Exhaust U t i l i z a t i o n  

Most of t h e  e a r l y  rocke t  engines and today ' s  
boos te r  engines a r e  c a l i b r a t e d  during acceptance 
t e s t i n g  t o  d e l i v e r  t h e  r a t e d  t h r u s t  and engine mix- 
t u r e  r a t i o .  Turbine power was c o n t r o l l e d  through 
t h e  use of a l i q u i d  oxygen pressure r e g u l a t o r  i n  t h e  
tu rb ine  feed system o r  by t h e  use of c a l i b r a t i o n  
o r i f i c e s  i n  t h e  g a s  genera tor  c i r c u i t .  

The e x t e r n a l  v a r i a b l e s  which can a f f e c t  rocke t  
performance a r e  p rope l lan t  d e n s i t i e s ,  i n l e t  pres- 
s u r e s ,  and atmospheric pressure,  For example, f o r  
systems which do no t  use closed-loop c o n t r o l  systems, 
the  e f f e c t s  of a change i n  p rope l lan t  i n l e t  pressure 
w i l l  be a change i n  engine t h r u s t  l e v e l  and engine 
operat ing mixture r a t i o .  These mixture r a t i o  s h i f t s  
may be r e l a t i v e l y  unpredictable  because they can re -  
s u l t  from t h e  to le rances  i n  tank pressure  and pro- 
p e l l a n t  condit ions which may no t  be con t ro l lab le .  
Excess p rope l lan t  r e s i d u a l  w i l l  adversely a f f e c t  t h e  
de l ivered  payload of a system. Early cryogenic 
rocke t  engines were designed t o  operate  over t h e  
operat ing regimes caused by the  f l i g h t  environment 
range. This  was poss ib le  s ince  ambient condi t ions  
d i d  no t  have a l a r g e  in f luence  on engine operat ing 

The d i s p o s a l  of tu rb ine  exhaust e a s  has been condit ions.  

accomplished by a v a r i e t y  of methodsU(~ig .  22). A 
s e p a r a t e  t u r b i n e  exhaust duct  which terminated i n  a 
convergent nozzle  a t  t h e  e x i t  plane of the  main 
chamber was f i r s t  used. However, during boost,  the  
tu rb ine  gas  f l a r e d  back i n t o  t h e  engine compartment 
t o  cause overheating. So lu t ions  t o  t h i s  problem 
were t o  use an u u l a r  exhaust around t h e  e x i t  of 
the  main nozzle  o r  t o  duc t  t h e  exhaust i n t o  t h e  main 
nozzle  a t  a s u i t a b l e  a r e a  r a t i o ,  Turbine exhaust 
g a s  was a l s o  used t o  cool t h e  lower s e c t i o n  of the  
expansion nozzle  on t h e  F-1 and M-1 engines. How- 
ever ,  i n  these  designs,  t h e  performance achieved by 
t h e  tu rb ine  exhaust g a s  i n  con t r ibu t ing  t h r u s t  i s  
lower than t h e  main nozzle  performance. 

A l t e r n a t e l y ,  t h e  t h r u s t  l e v e l  and mixture r a t i o  
can be cont ro l led  by commands from t h e  veh ic le .  
Closed-loop, mixture-rat io  c o n t r o l  systems were 
devised t o  ensure simultaneous emptying of the  pro- 
p e l l a n t  tanks. The e a r l y  A t l a s  system used a 
p rope l lan t  u t i l i z a t i o n  cont ro l  system, mainly be- 
cause a s i n g l e  s e t  of tanks were used f o r  the  vehi- 
c le .  Upper-stage engines such a s  t h e  RL-10 and t h e  
5-2 engine have employed prope l lan t  u t i l i z a t i o n  sys- 
tems t o  maximize system performance. Booster 
engines such a s  the  H-1 and F-1 have no t  employed 
mixture-rat io  c o n t r o l  systems s ince  t h e  e f f e c t  of 
r e s i d u a l s  i s  n o t  severe i n  a booster  system. 

Control systems f o r  both t h r u s t  and mixture 
A cyc le  which evolved t o  improve t h e  t u r b i n e  r a t i o  of t h e  closed-loop type have been designed 

exhaust gas performance is the 
and tes ted  in rocket  engines. The mount of the  

21). This  cycle  uses  heated hydrogen from t h e  
t h r u s t  modulation requ i red  i s  dependent upon t h e  

t h r u s t  chamber j acke t ,  which i s  then i n j e c t e d  appl ica t ion ;  s t u d i e s  a r e  c u r r e n t l y  being conducted 
i n t o  t h e  main t h r u s t  chamber. The p r i n c i p l e  advan- to determine future thrust control tage of t h e  cycle  i s  t h a t  a l l  p rope l lan t s  achieve 



Advanced m i n e s  

D e s i ~ n  Improvement 

The designs f o r  improved cryogenic rocket  en- 
g i n e s  have been undertaken t o  achieve one, o r  a com- 
b ina t ion ,  of t h e  following requirements: increased 
t h r u s t ,  inc reased  s p e c i f i c  impulse, o r  increased  
rocke t  engine i n - f l i g h t  operat ing f l e x i b i l i t y .  

Increased  t h r u s t  l l i s t o r i c a l l y  has been achieved 
by two approaches: (1 )  uprat ing t h e  operat ing cham- 
ber  p ressure  of an e x i s t i n g  engine o r  (2 )  designing 
a new, phys ica l ly  l a r g e r  and higher  t h r u s t  config- 
u ra t ion .  Increased s p e c i f i c  impulse has been 
achieved through higher  performance prope l lan t s  
and/or a h igher  a r e a  r a t i o  nozzle  (o f ten  i n  combina- 
t i o n  wi th  increased  chamber Increased 
f l e x i b i l i t y  has been p r i n c i p a l l y  the  r e s u l t  of de- 
s i g n  innovat ions,  advances i n  t h e  power cycle ,  and 
improvements i n  t h e  c o n t r o l  system. 

5-2X Experimental Program and S impl i f ied  5-2 
Engine. The J-2X program, which i s  an experimental 
engine program based upon the  5-2 engine i l l u s t r a t e s  
s e v e r a l  new engine f e a t u r e s  which provide engine 
f l e x i b i l i t y ,  and a l s  a new approach t o  development 
of improved engines. ? l a )  A i s t o r i c a l l y ,  engine pro- 
grams have been committed t o  s t r i n g e n t  development 
schedules. Consequently, t h e  configurat ions have 
been r e s t r i c t e d  t o  those u t i l i z i n g  proven concepts 
o r  those capable of r a p i d  development. The experi- 
mental engine approach i s  used t o  br idge the  gap 
between technology and development. 

The b a s i c  g o a l s  of t h e  J-2X program were t o  s i m -  
p l i f y  t h e  engine, s impl i fy  the  s tage  equipment asso- 
c i a t e d  with engine prelaunch operat ions,  reduce the  
prelaunch engine checkout and ground support equip- 
ment, provide a g r e a t e r  engine i n - f l i g h t  opera t iona l  
f l e x i b i l i t y ,  and provide a c a p a b i l i t y  f o r  higher  
t h r u s t  and h igher  s p e c i f i c  impulse performance. 

As new concepts demonstrated t h e i r  f e a s i b i l i t y  
i n  t h e  J-2X program, it became apparent t h a t  t h e i r  
incorpora t ion  i n t o  t h e  5-2 engine would be advanta- 
geous. The engine conf igura t ion  wi th  these  f e a t u r e s  
has  been designated t h e  S impl i f ied  5-2 ( o r  5-2s). 
The d e s c r i p t i o n  of t h e  manner in which the  f l e x i -  
b i l i t y  g o a l s  were incorporated i n  the  J-2s design,  
based upon experimental v e r i f i c a t i o n  i n  J-2X engine 
t e s t s  i s  reviewed. 

S i m p l i f i c a t i o n  of t h e  engine system was accom- 
p l i s h e d  by (1)  e l iminat ing t h e  g a s  genera tor  system 
by using tapof f  main combustor gases f o r  tu rb ine  
d r i v e  (2)  using a s o l i d  p rope l lan t  tu rb ine  s t a r t e r  
(SPTSJ which e l imina tes  t h e  need f o r  the  s t a r t  
b o t t l e  system, (3)  incorporat ing a premainstage 
idle-mode phase, and (4)  e l imina t ing  t h e  need 
f o r  t h r u s t  chamber and pump temperature condi- 
t i o n i n g  by adoption of t h e  above f e a t u r e s  and a 
t a i l o r e d  s t a r t  sequence. 

The tapof f  engine power cycle ,  wherein t h e  t u r -  
b ine  gases  a r e  tapped from t h e  main combustor, elim- 
i n a t e s  the  e n t i r e  g a s  genera tor  system. The tapoff  
p o r t s  a r e  loca ted  j u s t  downstream of the  i n j e c t o r  
f a c e  and provide gases  of t h e  proper temperature f o r  
tu rb ine  operation. The adoption of t h e  SPTS elim- 
i n a t e s  t h e  need f o r  t h e  hydrogen s t a r t  b o t t l e ,  and 
t h e  assoc ia ted  l i n e s ,  va lves ,  and recharging system, 
toge ther  with t h e  condit ioning and time r e s t r a i n t s  
assoc ia ted  wi th  t h e  s t a r t  b o t t l e .  

The combined e f f e c t s  of t h e  t apof f  power cyc le ,  
t h e  SPTS. the  idle-mode c a u a b i l i t v .  and t h r u s t  cham- " ,  
b e r  bypass system el iminate  t h e  need f o r  engine and 
prope l lan t  temperature condit ioning p r i o r  t o  s t a r t .  
By s t a r t i n g  the  engine i n  i d l e  mode ( t h e  low-thrust 
tank-pressure mode) with mixed-phase o r  gaseous pro- 
p e l l a n t s ,  the  idle-mode prope l lan t  flow condi t ions  
the  engine and s tage  feed  systems (duct ing) .  This  
e f f e c t  i s  augmented by the  SPTS which d r i v e s  the  
tu rb ines  during t h e  s t a r t  t r a n s i e n t  thereby pumping 
out  t h e  mixed-phase hydrogen ( t h e  c r i t i c a l  propel- 
l a n t )  p r i o r  t o  high-flow pump operat ion.  The use 
of the tapoff  r a t h e r  than t h e  gas  genera tor  power 
cycle  i s  b e n e f i c i a l  i n  t h a t  t h e  main combustor i s  
much l e s s  s e n s i t i v e  t o  t h e  p r o p e l l a n t  q u a l i t y  and 
temperature t h a n  t h e  gas  generator .  

Use of the  SPTS i n  place of a gaseous hydrogen 
supply f o r  engine s t a r t  e l imina tes  t h e  hydrogen 
s t a r t  b o t t l e  and i t s  condit ioning requirements. 
This  i s  e s p e c i a l l y  b e n e f i c i a l  f o r  r e s t a r t ,  s i n c e  it 
e l imina tes  r e s t r i c t i o n s  on t h e  minimum o r b i t i n g  time 
between s t a r t s  and minimum mainstage operat ing dura- 
t ion .  Mult iple ,  sea led  (by a b u r s t  diaphragm) SPTS 
u n i t s  a r e  used t o  provide mul t ip le  s t a r t  capabi l i ty .  

Thrust  chamber condit ioning was previously re -  
quired because the  s e n s i b l e  h e a t  i n  the  t h r u s t  cham- 
b e r  would g a s i f y  t h e  hydrogen f u e l  passing through 
t h e  coolant  tubes a t  s t a r t ,  thereby increas ing  t h e  
hydraul ic  res i s tance .  This  high-head, low-flow 
condit ion would tend t o  f o r c e  t h e  f u e l  pump i n t o  
s t a l l  during t h e  s t a r t  t r a n s i e n t .  A t h r u s t  chamber 
bypass system t h a t  allows some of t h e  f u e l  t o  be 
pumped d i r e c t l y  t o  t h e  i n j e c t o r  without  passing 
through t h e  coolant  tubes prevents  high-head bui ldup 
during s t a r t .  

A comparison of t h e  bas ic  power cyc les  f o r  t h e  
5-2 and the  s i m p l i f i e d  vers ion  a r e  shown i n  Fig. 23. 

PROPELLANT 

GAS GENERATOR 

VALVES 
r T L E  / \ p:::;:?~'~ 

BOTTLE 

PROPELLANT U T I L I Z A T I O N  VALVE 

I D L E  MODE ( 8  A S I )  L I N E  
JACKET BY-PASS 

- 

5-2 S impl i f ied  

Figure 23. Engine Schematic Comparison 



Stage and ground equipment s i m p l i f i c a t i o n  is  
achieved by e l imina t ing  t h e  need f o r  temperature con- 
d i t ion ing .  Presen t ly ,  the  5-2 engine must be ground 
c h i l l e d  so  t h a t  a t  s t a r t  t h e  engine i s  no t  a t  a high 
temperature. I n l e t  duc t  condit ioning and l i q u i d  
phase p r o p e l l a n t s  a t  s t a r t  a r e  obtained i n  t h e  
Saturn V upper s t a g e s  by e l e c t r i c a l l y  dr iven circu-  
l a t i n g  pumps i n  t h e  S-IVB s tage  ox id izer  and f u e l  
i n l e t  duc t s  and t h e  S-I1 f u e l  i n l e t  duct.  These 
c i r c u l a t i n g  pumps provide a p rope l lan t  flow which 
condi t ions  t h e  i n l e t  duc t s  and engine turbopumps and 
thus  provides l i q u i d  prope l lan t s  a t  s t a r t .  Natural  
convection i s  used t o  condi t ion  the  S-I1 ox id izer  
system. With t h e  J-2S, t h e s e  r e c i r c u l a t i n g  systems 
a r e  a l l  e l iminated.  

Prelaunch checkout requirements f o r  t h e  J-2s a r e  
reduced because (1)  p r o p e l l a n t  temperature con t ro l  
i s  n o t  c r i t i c a l ,  (2) engine temperature i s  no t  c r i t i -  
c a l ,  (3) t h e  s t a r t  b o t t l e  f i l l i n g  and temperature 

wh the  measurements a r e  el iminated,  and (4)  throu, 
adoption of an ambient temperature helium b o t t l e  
( f o r  valve and c o n t r o l  ac tua t ion  power) r a t h e r  than 
a low-temperature system, t h e  f i l l i n g  and tempera- 
t u r e  c o n t r o l  of t h i s  b o t t l e  i s  n o t  a c r i t i c a l  f a c t o r .  

Grea te r  engine i n - f l i g h t  opera t iona l  f l e x i b i l i t y  
i s  provided by t h e  5-25. The engine has t h e  low- 
t h r u s t  idle-mode c a p a b i l i t y  ( f o r  p rope l lan t  s e t t l i n g  
and space maneuvering), a p rope l lan t  u t i l i z a t i o n  
mixture r a t i o  con t ro l  (maintained from the  5-2 
des ign) ,  i n s t a n t  (mul t ip le )  start with no precondi- 
t i o n i n g  requirements o ther  than a p r e s t a r t  i d l e  mode, 
and a b u i l t - i n  p o t e n t i a l  f o r  t h r o t t l i n g  c a p a b i l i t y .  

In  r e t r o s p e c t ,  the  J-2X experimental program has 
been a highly e f f e c t i v e  t o o l  f o r  i n v e s t i g a t i n g  the 
f e a s i b i l i t y  of advanced technology concepts p r i o r  t o  
t h e i r  incorpora t ion  i n t o  an engine design. The J-2s 
engine, when developed, w i l l  provide extensive in- 
creased veh ic le  and mission c a p a b i l i t i e s  which a r e  
necessary f o r  advanced space missions, toge ther  wi th  
very s i g n i f i c a n t  engine, s t a g e ,  and launch operat ions 
s impl i f i ca t ion .  

New Concepts 

New advanced designs f o r  cryogenic l i q u i d  p o- 
p e l l a n t  rocke t  engines a r e  under i n ~ e s t i g a t i o n . ? ~ 7 )  
These designs a r e  focused on achieving high s p e c i f i c  
impulse performance ( p r i n c i p a l l y  a t  a l t i t u d e  but  
a l s o  a t  s e a  l e v e l ) ,  on a spectrum of engine f l e x i -  
b i l i t y  and v e r s a t i l i t y  f e a t u r e s ,  a r e l a t i v e l y  high 
engine thrust-to-weight r a t i o ,  a minimum envelope 
f o r  t h e  engine, improvements i n  engine cycle  e f f i -  
ciency, and a design which w i l l  minimize engine 

AEROSP l KE HIGH-PRESSURE, 
STAGED-COMBUSTION, 
BELL-NOZZLE 

Figure 24. Engine Configurat ions 

high chamber pressure i s  used t o  minimize t h e  noz- 
z l e  s i z e .  (A f u r t h e r  reduct ion i n  engine leng th  can 
be achieved i f  a r e t r a c t a b l e  nozzle  s e c t i o n  is  used.) 
The staged-combustion cycle  uses  a preburner  i n  which 
f u e l - r i c h  combustion occurs;  these  gases  a r e  used t o  
d r i v e  t h e  tu rb ines  and a r e  then i n j e c t e d  w i t h  t h e  
remainiug ox id izer  i n t o  the  main combustion chamber. 
Thus, a l l  p r o p e l l a n t  exhaust gases  a r e  expanded 
through t h e  main nozzle and a l l  achieve t h e  high per- 
formance r e s u l t i n g  from i t s  high a r e a  r a t i o .  

The aerospike engine (Fig. 24) has a t runca ted ,  
annular  spike nozzle  ( r a d i a l  in-f low type) ,  which 
u t i l i z e s  a small amount of secondary flow introduced 
i n t o  the  nozzle base region. The primary flow (high- 
pressure gases )  which produces t h e  major p o r t i o n  of 
t h e  engine t h r u s t  i s  exhausted from an annular-type 
combustion chamber and expands a g a i n s t  t h e  sur face  
of the  c e n t e r  truncated-spike nozzle  ( ~ i g .  25 and . - 
26). The primary flow encloses a subsonic, rec i rcu-  
l a t i n g  flow f i e l d  i n  t h e  base region. The pressure 
a c t i n g  upon the  nozzle  base c o n t r i b u t e s  a d d i t i o n a l  
t h r u s t  t o  t h e  nozzle. The a d d i t i o n  of secondary flow 
i n t o  t h e  base f u r t h e r  increases  t h e  base pressure.  
As a r e s u l t ,  t h e  o v e r a l l  nozzle  e f f i c i e n c y  and thus  
t h e  engine e f f i c i e n c y  a r e  very high. There i s  a 
l i m i t  t o  t h i s  g a i n  i n  e f f i c i e n c y ,  and an optimum 
secondary flow e x i s t s  f o r  each configurat ion.  

development e f f o r t .  

To achieve t h e  f i r s t  goa l ,  high performance, a 
high nozzle  a r e a  r a t i o  toge ther  with high combustion, PPIUAPY F L n X  A C T S  

nozzle  and engine e f f i c i e n c i e s  must be rea l ized .  
Two q u i t e  d i f f e r  n t  engine conf igura t ion  have been 
proposed: (17, 197 f i r s t ,  the  aerospike nozzle engine N 0 2 J L &  

with  an aero tapoff  cycle ,  and second, a high- 
chamber-pressure bell-nozzle engine with a s taged ,,,,, , ,,,.,,, 
combustion cycle. A b r i e f  d e s c r i p t i o n  of each engine ~ n " N D A H y  

concept follows. 
INNER F R E E - J E T  

The high-chamber-pressure bel l -nozzle  engine 
(Fig. 24) employs a high a r e a  r a t i o  nozzle and the  
staged-combustion power cycle  t o  achieve high per- 
formance. To maintain a r e l a t i v e l y  small s i z e ,  the  

Figure 25. Aerospike Nozzle Flow Fie ld  



The performance of conventional engines with 
the gas generator or  tapoff power cycle suffers  be- 
cause the turbine dr ive  gases achieve only a low 
th rus t  performance; they are not  expanded through 
the high-area-ratio main nozzle. Only the expander- 
cycle engine does not  have t h i s  performance dis-  
advantage; and it i s  power limited. The advanced 
engine power cycles achieve high performance because 
a l l  the propellants a re  consumed i n  the engine, and 
these cycles are not power l imited with respect  t o  
the .opera t jy j  chamber pressures which can be 
achieved. 

I n  the aero tapoff power cycle, the turbine 
dr ive  gases, which are tapped from the main corn 
bustor t o  eliminate the need f o r  two combustion sys- 
tems, rovide the base flow a f t e r  driving the tur-  
bines ?Fig. 27). High nozzle performance and high 
engine e f f i c i  nc r e s u l t  with the addit ion of sec- 
ondary gases.? 175 

HIGH ALTITUDE (VACUUM) 

I n  the staged-combustion cycle, a s ign i f i can t  
port ion of the propellant  i s  burned ( fue l  r i ch )  i n  
a precombustor. The combustion gas dr ives  the low- 
pressure-ratio, high-flow turbines and is  then dis- 
charged in to  the main combustor. The remaining 
propellant  i s  injected,  and a l l  propellant exhaust 
gases are exhausted through the main nozzle. (18) I n  
t h i s  cycle, the  precombustor, turbines,  and main 
combustors are i n  ser ies .  As a r e su l t ,  pump dis -  
charge pressures are considerably higher f o r  a given 
chamber pressure than f o r  a power cycle, such a s  the 
gas generator o r  aero tapoff ,  i n  which the  turbine 
and main chamber flows are i n  para l le l .  

INTERMEDIATE ALTITUDE 

The Future 

The new cryogenic rocket engine designs dis-  
cussed show t o  a l imited degree the advancements and 
design concepts which can be projected f o r  the 
future. Performance growth through engine ef f ic iency 
has resul ted  i n  speci f ic  impulses very near the theo- 
r e t i c a l  maximum of the propellant. The advanced 
engine concepts are  exploit ing the gains which re- 
s u l t  from higher area r a t i o  nozzles and associated 
increases i n  chamber pressure. 

SEA LEVEL 

Further increases i n  speci f ic  impulse performance 
are achievable through use of higher performance pro- 
pellants.  Through the addit ion of f luor ine  t o  the  
l iquid  oxygen oxidizer (FLOX) o r  f luor ine  a s  the oxi- 
d izer ,  increased performance i s  possible ( ~ i ~ .  28). 

Figure 26. Schlieren Photographs of Aerospike 
Nozzle Cold-Flow Tests Under 
Simulated Alt i tude Conditions 

Of major significance are the power cycles of 
each engine. These are i l l u s t r a t e d  i n  Fig. 27. 
The aero tapoff cycle is  a modification of the tap- 
off cycle, and bas ica l ly ,  the staged-combustion 
cycle i s  an evolution of the expander cycle without 
the  inherent  power l imi ta t ion  the expander cycle 
incurs  ( ~ i g .  21). 

u PRECOMBUSTOR 

MAIN CHAMBER- 
TAPOFF / i \  u 

vncuu* I H I F ~ ~ N G  PLQrORnlNCl 
AXLA R A T I O .  k 0 . I  
C H A * B C R  PRESSURE'  1000 PSI°  

AERO TAPOFF CYCLE STAGED-COMBUSTION CYCLE 

Figure 27. Power Cycles Figure 28. Performance Gain With FLOX 



Fluorine added t o  LO~/RP  engine design offers  an 
a t t r a c t i v e  performance gain;  it has the advantage of 
being usable i n  exist ing  LO^/ ropellant  rocket 
engines without major changesY28) Several pro- 
grams have demonstrated rocket  engine operation very 
successfully with t h i s  propellant  combination. Ex- 
perimental At las  engines have been run on FLOX pro- 
pe l l an t s  with f luorine concentration as  high a s  70 
percent. With considerable technology experience 
available with the high-energy oxidizer, only the 
speci f ic  vehicle o r  mission requirement fo r  such a 
performance increase i n  a current  lauuch vehicle i s  
needed t o  ju s t i fy  go-ahead f o r  an engine qualif ica-  
t i o n  program. 

Liquid f luorine oxidizer with hydrogen fuel ,  and 
with other fue l s  such as  hydrazine and ammonia, have 
been experimentally investigated and tes ted  i n  rocket 
engines over the  pas t  decade. Experimental versions 
of the RGlO have been successfully tes ted  
f luor ine  as the oxidizer with hydrogen fuel?% 

The v e r s a t i l i t y  demonstrated i n  experimental 
engines and the new concept engines w i l l  provide 
fu ture  missions with the required capabi l i t ies .  
Capabi l i t ies  such as  a fu l ly  controlled th rus t  over 
a wide range, unlimited r e s t a r t s ,  and long duty 
cycles w i l l  be needed. Features such as precise 
low-level t h r u s t  w i l l  be necessary fo r  spacecraft  
rendezvous. Multiple r e s t a r t s  w i l l  be required f o r  
e f f i c i e n t  completion of advanced near-space missions 
and deep-space probes. 

Extended space missions w i l l  require long engine 
duty cycles; t h a t  i s ,  l o w  f i r i n g  durations and/or 
long time periods between f i r ings .  This means 
g rea t e r  emphasis w i l l  be placed upon thermal control 
and long-term vacuum and radia t ion  e f f ec t s  on pro- 
pulsion system operation. Improved thermal control  
can be expected t o  extend present duty cycles of 
cryogenic systems significantly.  

Higher rocket  engine th rus t s  also can be pre- 
d ic ted  f o r  the future.  A quick review of the thrus t  
growth curve of Fig. 1, together with an examination 
of the ace i ss ions  and vehicles now being 
studied?ql,22? qui te  de f in i t e ly  supports the pro- 
ject ion of fu ture  th rus t  growth. 

Both the aerospike engine and the b e l l  nozzle 
engine are amenable t o  th rus t  growth. Using the 
engine concepts i l l u s t r a t e d  i n  Fig. 24 (aerospike 
and high pressure b e l l ) ,  engines of approximately 
500,000 t o  750,000 pounds th rus t  can be designed 
having s imi lar  configurations. Clusters of engines 
i n  t h i s  t h rus t  range can be used where thrus ts  of 
several  mil l ion pounds are required. 

Designs fo r  rocket engines with th rus t s  as  high 
a s  30 mill ion po ds have been investigated in pre- 
liminary studies?19) Such requirements r e s u l t  from 
the launch vehicle concepts developed fo  oss 'ble 
fu ture  manned interplanetary spacecraft  .T2f, 22j  
Such.large launch vehicles could place a payload of 
several  mil l ion pounds i n t o  orbi t .  As an example, 
one i n t e r e s t i  u new launch vehicle design under in- 
ves t iga t ion (22  has a core vehicle approximately 75 
f e e t  i n  diameter, i s  over 300 f e e t  high and uses a 
hydrogen/oxygen propellant  rocket engine of approxi- 
mately 20 mill ion pounds of thrus t .  Such a single 
stage-to-orbit core vehicle could place 1 mill ion 
pounds in to  o r b i t ;  f o r  la rger  payloads, strap-on 

pods could be added, increasing the payload capa- 
b i l i t y  of the vehicle t o  over 4 mill ion pounds. 

The aerospike engine concept can be d i r ec t ly  
employed f o r  such a high th rus t  design (3'ig. 29). 

Figure 29. Advanced Eboster Concepts 

An engine having approximately the diameter of the 
stage made up of pie-shaped modules would be used 
(F'ig. 30). The pie-shaped aerospike nozzle and com- 
bustor engine module would have i t s  own independent 
turbomachinery and controls. A very s igni f icant  cost  
advantage i s  derived by developing modules ra ther  
than by developing a complete engine. Further reduc- 
t i o n  i n  engine development costs  are possible through 
development of the nozzle and combustor i n  even 
lower thrus t  (and narrower) engine segments ( ~ i g .  
30). The approach of module and segment development 
achieves the development cost  saving through reduced 
hardware, smaller t e s t  f a c i l i t i e s ,  and reduced t e s t  
propellant consumption. 

COMBUSTOR A N D  N O Z Z L E  
S E G M E N T  

A E R O S P I K E  E N G I N E  N O D U L E  
C O M P L E T E  S Y S T E M  

Figure 30. Aerospike Engine Module and Segment 

For these grea t ly  increased th rus t  levels ,  the 
concept generally employed fo r  the b e l l  nozzle 
engine is  t o  c lus t e r  a number of these engines 
around a common plug (truncated spike) nozzle (Kg.  
29)- Such a design takes advantage of the perform- 
ance gain of the annular nozzle, and an advantage i n  
cost  i s  rea l ized  by developing the lower th rus t  b e l l  
nozzle engine modules and then integrating them 
around the center plug. 

I f  our na t ion ' s  future space mission goals are 
d i rec ted  toward manned ventures in to  interplanetary 
space, la rger  improved launch vehicles most certain- 
l y  w i l l  be developed. I n  what s teps  t h i s  w i l l  be 
(i.e., whether the next vehicle has a 30-million- 



pound thrust booster, or is an intermediate step 
such as an uprated Saturn V; or whether some type 
of reusable orbital transport) requires further 
definition of the mission and spacecraft. It is 
not unlikely that several new launch vehicles of 
various concepts will be developed during the next 
25 years. 

Although these rocket engines and vehicles may 
seem far in the future and perhaps of questionable 
realism, we need only to look at the growth in the 
last 20 years, from the Viking, Vanguard, and Red- 
stone to the Saturn V, to realize such continued 
growth is possible and probable. 
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MILESTONES IN U.S. LAUNCH VEHICLES 
cryogenic liquid propellant rocket engines 
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