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Abstract  

During the development of the RL-10  and 5-2 
engines, many problems were  encountered. Sol- 
utions to the significant problems a r e  contained. 
A description of these LOX-Hydrogen engines. 
outlining the unique features of each w i l l  be  given. 
Performance pa ramete r s  fo r  both engine sys tems 
a r e  tabulated. Specific applications to various 
stages a r e  shown. S ta r t  and r e s t a r t  conditions a t  
altitude a r e  a very  important adjunct to the engine 
development and a r e  presented in the paper. Test -  
ing an enqine designed to operate a t  altitude a t  
ambient s e a  level conditions presented some inter-  
esting problems and required peculiar t e s t  equip- 
ment. The  solution to the.se problems and a des- 
cription of the tes t  equipment will be  covered. 
Flight data revealed some anomalies that were  
la ter  verified a t  the altitude tes t  facility a t  Arnold 
Engineering Development Center ,  Tullahoma, 
Tennessee. A description of the anomalies and 
verification testing will be made. 

Introduction 

The nature  of propulsion sys tem development 
is such that i t  becomes the pacing i t e m  in  a new 
vehicle program. This has  been t rue  in  a i r c ra f t  
a s  well a s  miss i le  programs. The extensive tes t -  
ing, design, redesign, and re te s t  have shourn that 
propulsion sys tems generally must  lead by several  
yea r s  in  the development cycle. This  necessitates 
the initiation of an engine development program 
pr io r  to the detail design of the vehicle. This pre-  

\ sents  the obvious problems of interface,  power 
requirement  definition, control sys tem relation- 
ships,  etc. . which must be again evaluated a s  the 
vehicl_e design i s  finalized. Engine redesign o r  
compromises  usually resul t  f rom these iterations. 

Once the technical need has  been established 
fo r  the developinent of a new propulsion sys tem 
and the economics of the sys tem have been evalu- 

. ated,  then tge design trade-offs begin. Vehicle . - 
rcquirelllents wl~ich include such basic factors a s  
staging, payload u~eight, mission flexibility? and 

' reliability must be fed Sack into the basic engine 
: design as the system evolves. Wherever possible, 

engines a r e  designed to be utilized in  more  than 
one stage. Following this philosophy the RL-10 
engine found u s e  on two different vehicles and 
the J-2 engine i s  utilized on three  s tages  of two 
vehicles. . 

This :'common engine" approach allows the 
contractor to concentrate on one design, ' resul ts  
in higher reliability due to repetitive testing of a 
single configuration, and reduces production costs  
since the engines can be bought in l a rge r  quanti- 
ties. A common engine configuration a lso  simpli- 
fies the spa re  par ts  and field support requirements.  
and permits  interchangeability of basic components. 

Thus new engine development programs a r e  
optimized by a meld of the practical use  of the bes t  
technology available within the cohstraints involved 
and a vigorous trade-off of the performance param- 
e ters .  The choice of expansion ratio, for example, 
was one not only of performance, but of the eco- 
nomics involved in building the test  facilities r e -  
quired for engine development. The RL-10, being 
a smal ler  engine,. could use  a higher expansion 
ratio (and thus take advantage of the higher specific 
impulse) because i t  was practical to build s team 
ejectors and diffusers for engines in this s i z e  range. 
Such a choice for the J-2 engine would have been 
prohibitive f rom the stancipoint of cost  due to the 
s ize  of the facilities involved. Hence, one of the 
reasons a 27. 5/1 expansion ratio, was chosen for the ! 

5-2 engine was to accommodate testing a t  sea  level 1 
conditions. 

The guiding philosophy of the NASA-Marshall 
Space Flight Center in developing engines i s  to 
schedule a detailed component test fol- 
lo-ved by an in-depth engine tes t  program to fe r re t  
out a s  many latent hardware defects a s  possible 
before flight testing. A vigorous production sup- 
port program i s  maintained concurrent with the 
development phase and H e  improvenlents a r e  
incorporated into the embryonic design a s  soon a s  
practioal. This plan has worked successfully bc- 
cause  i t  continues to challenge the best technical 
minds to reach out "over the horizon" for better 
ideas which have resulted in continual payload 
increases  for NASA's launch vehicles. This pro- 
duction support effort has  been the backbone fo r  
resolving the problems resulting from engine- stage 
integration and testing. This process continues 
a s  long a s  vehicles using the engines a r e  flying. 
The feedback of production and flight problems into 
the engine programs i s  an essential element in . 
deriving a reliable system, and also serves  the co- 
function of allowing the engine design, testing, and 
manufacturing procedures to catch up with the s ta te  
of the a r t .  



9 , . P a r t  I: Development of the RL-10 Engine 

The Apollo P r o g r a m  was conceived with the 
idea that a design evolution would be requi red  be- 
fo re  the l a rge  vehicle suitable for  manned lunar 
landing could become a reali ty.  The planned evo- 
lution was  f r o m  the Saturn I to the Saturn  IB, and 
finally to the Saturn V .  Since the liquid oxygen 
(LOX)-liquid hydrogen (LH2) RL-10 engine was a l -  
ready io development on the Centaur p rogram 
when the Saturn 1 p r o g r a m  was  s t a r t ed ,  an  up- 
ra ted  version (LR-11T) was  chosen for  the high 
performance  upper stage propulsion. The opti- 
mis t ic  development p rogram for  the LR-119 ia i led  
to mater ia l ize  and coupled wit!, major  difficulties 
in the RL-10 development p rogram resul ted  in a 
p r o g r a m  redirection.  A common version of the 
RL-10 engine was defined to meet  the requi re-  
men t s  of both the Centaur and Saturn I p rograms  
and ~ l l o w e d  the contractor to concentrate on one 
development program.  

- . .  
An a l l  cryogenic propel lant  sys t em of liquid 

hydrogen and liquid oxygen was chosen because of 
the high specific impulse at tainable.  ~ a j A r  break- 
throughs in liquid hydrogen technology made both 
propellants readily available and relat ively inex- 
pensive. In addition these propellants a r e  non- 
toxic and give s t ab le  combustion. 

The R L -  10 engine was successfully used on 
the Surveyor P r o g r a m  in an Atlas-Centaur vehicle 
(Figure  1 )  to boost the payload to a lunar landing. 
I t  was also used in the Saturn I vehicle (Figure 2 )  , 
to place three  Pegasus  meteoroid technology sa t -  
el l i tes into orbit .  

F igu re  1. Atlas Centaur Enginelstage ~ ~ ~ l i c a t i o n  

In the Saturn 1 program the RL- 1D engine be- 
came  an _excellent test-bed fo r  Apollo hardware  
development. The S-IV stage-of the Saturn I was 
a forerunner  of the S-IVB stage in the Saturn IB 
and V vehicles. Likewise,  experience gained in 
developing the S-IV and Centaur s tages  was uti- 
l ized in designing the Saturn V S-I1 stage.  
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Figure  2. Saturn I Engineis-1V Stage Application 

Description 
-The RL-10 engine utilizes a regeneratively 

cooled thrust  chamber and a turbopu.mp-fed propel- 
lant  flow system. Due to i ts  high heat  capacity, 
the liquid hydrogen very  effectivcly cools the thrust 
chamber.  While passing through the thrus t  cham- 
be r  tubes, the hydrogen picks up heat and i s  ex- 
panded in a two-stage turbine to dr ive  a single 
gearcd  turbopump. The fuel i s  then injected into 
the combustion chamber.  This "topping" cycle 
provides a performance gain of approximately 112 

- - .  
to 1 percent over that of a conventional gas genera-  
tor  type cycle. Oxidizer is  pumped directly to the 
propellant  injector through the mixture ra t io  con- 
t ro l  valve. Thrust. control is  achicved by regu- 
lating the amount of fuel bypassed around the tur-  
bine a s  a function of combustion chamber p r e s s u r e  
in order  to vary turbopump speed and thereby con- 
trol  engine thrust. Ignition is  accomplished by 
means of an e lec t r ic  spark-torch igniter r eces sed  
in the propellant injector face. Start ing and stop- 
ping a r e  controlled by pneumatic valves which r e -  
ceive their  supply of helium through electr ically 
operated valves. Major pa rame te r s  of the R L -  10 
engine a r e  depicted in Figure  3 .  

Figure  3 .  RL-10 Engine Major P a r a m c t c r s  



I f  , A functional description of the engine is shown I .  . 
I in  Fi y r e  4. 

1 
! Figure  4. RL-10 Enginc 
I 

I Developxnent P r o g r a m  
Figure  5 shows the~developm'enf cycle for the 

RL-10 engine v..llich falls  within the typical 5-7 
yea r  span required fo r  propulsion systems. 

Testing under simulated Centaur stage condi- 
tions on a dual-position ver t ica l  tes t  stand contri- 
buted significantly to the lack of engine problems 
once vehicle ground and flight testing commenced. 
Vehicle components such a s  the hydraulic power 
pack, propellant utilization drive motor,  rec i rcul-  
ation ducts and diffusers, vehicle boost pumps, 
and retromaneuver discharge ducts were tested 
on the dual-engine stand under conditions closely 
approximating those found on the actual stage in 
flight. This not only allowed interactions on the 
engines to be identified, but permitted accurate  
simulation data for purposes of developing the stage 
components. 

Production support effort was initiated to min- 
imize the impact of production problems and con- 
tinually improve system reliability and flight . 
worthiness. This included establishment of vehi- 
cle starting sequences and limits, optimization 
of prelaunch chilldown and boost pump settings, 
and investigation of flight problems. 

Basic technology was developed in special t e s t  
facilities, hydrogen injectors,  ignitidn sys tems,  
idling and throttling, reduced net positive suction 
head (NPSH) operation, the use of cryogenics for  
a bearing and gear coolant and the feasibility for 
a "zero chilldo\vn time" engine. 

The RL-10 has not only been a reliable engine 
system for the Saturn and Centaur programs, but 
has served a s  a "test-bed" for other a reas  of 
technology. The use of fluorine a s  a11,oxidizer was 
proven on modified engines of an ea;G_vintage to 
provide one of the f i r s t  "flight w e i ~ h t "  fluorine - - 
prototjrpe engines. This was arcolnplislled by mod-. 
ifying the pump seals in the oxidizer system to pro- 
vide fluorine compatibility and by changing the 
engine "trim". 

A modified RL-10 engine has run successfully 
in the throttling mode down to one percent of the 
rated engine thrust. The feed system was stable 
a t  a l l  thrust  levels in this range. Fur ther ,  a 
modified RL-10 has operated in the low-idle mode, 
in which the turbopump does not rotate but the 

. . . .  . 
2; ..--- ---& engine operates  on tank pressure  with gaseous, 

cCall U a j . E ~  liquid. o r  mixed-phase 

Other areas., such a s  hypergolic ignition through 
the use  of a small percentage of trioxygen difluoride 
in the oxidizer and instant-start o r  zero  cooldown 

F igure  5. RL-10 Project  Milestones t ime accomplished by insulating the fuel pump in-  
ternal surfaces,  were investigated using the RL-10 

The f i r s t  Centaur flight utilizing an  RL-10 engine as a l~test-bcd~l and were pro,7en feasible. 
occur red  fix-e y e a r s  af ter  program initiation. Ap- r: 

proxilnately $240 million dollars was spent on the , Problems 

RL-10 engine program of whicll about seventy The RL- 10 engine encountered-a wide galnut of 

percent \-:as spent on the developnlent phase. problems during development. Some of the major  

.. pro6lem a r e a s  a r e  l isted below. .' 
The engine, in i t s  various versions has  com- (1 ) thrust  over shoot 

pleted 01 e r  one  nill lion seconds of total firings; ( 2 )  gimbal block lubrication - 
and has  been flown on 15 Centaur flights and six - ( 3 )  spark igniter deficiency 
Saturn flrghts. A total of 66 engines have been - 

flo\i.n with no  malfunction which affected the m i s -  
sion. b 

3 ;  



. Thrust  Overshoot. The Centaur vehicle was  Gimbal Block Lubrication. The gimbal assem- 
unable to accept  m o r e  than 15 percent  thrus t  over- bly is the componen.t with the highest unit loading 
shoot. Thrus t  exceeding the specified l imi t  oc- 
cu r red  because the engine th rus t  control  valve 
(Figure  6) was  s e t  to maintain a chamber pressure  
of 300 p s i  and did not by-pass any turbine d r ive  
gas  until the nominal th rus t  level  was reached. 
The  s y s t e m  momentum was  not re tarded ea r ly  
enough to prevent  the overshoot. Adjustments in 
sp r ing  p r e s s u r e  on the thrus t  control  piston pre-  
vented excess ive  th rus t  overshoot, but caused the 
sys t em to stabil ize below the nominal thrus t  level. 

The problem was  solved by the incorporation 
of a "pneumatic r e se t "  on the thrus t  control. The 
thrus t  control  by-pass was s e t  to open a t a  lower 
chamber  p r e s s u r e  (approximately 270 psi) ,  and the 
des i red  nominal 300 ps i  chamber p res su re  was r e -  
established by use of the pneumatic r e s e t  system. 

' The reference  p r e s s u r e  on the back side of the 
th rus t  control  by-pass piston is  atmospheric p res -  
s u r e  which is essential ly ze ro  psi  a t  the engine 
operating altitude. When the thrust  controller  by- 
pass  i s  actuated a t  the lower chamber p res su re  
level ,  hydrogen is  vented into the thrust  control 
body. By orificing the thrus t  control  valve body 
vent, the body p r e s s u r e  and piston reference  p res -  
s u r e  a r e  increased approximately 30 ps i  which r e -  
s e t s  the by-pass relief p r e s s u r e  to obtain the nom- - - 

* - , . ,  inal  300 ps i  chamber p res su re .  ,By this method 
the r 'esei p res su re  lags  the body dur'ing 
engine acceleration \vhich allows the thrust  control 
valvd to reLurn to a nominal position before thc de- 
s i red  300 ps i  chatnber p res su re  i s  reached. 

Development of a backup electro3ic thrus t  con- 
t ro l l e r  was  initiated in the productioh support  pro-  
g r a m  and the design had progressed to the point 
where  a decision could have been made to use it 
when the modified pneumatic controller  proved 
s ,a t i s fac tory .  . 

h *- -.> - =7 

i . r 
~ & u r c  6 .  Thrus t  Control Valve Schematic 
,z.% 
, * 
.I - 

aid is the only loaded component that i s  exposed to 
high vacuum during engine operation. Space vac- 
uum effect on materials  i s  significant in two 
r e ~ ~ e c t s .  

(1) evaporation of solids 
(2) vaporization of surface gas layers  

1 

Evaporation of material  i s  not a significknt pro- 
blem because of t1le rate of material  loss  i s  negli- 
gible a t  temperatures below 300°F and the engine 
surface temperatures remain continuously below . 
this cri t ical  range. Vaporization of surface gas . 
layers  of engine components i s  a significant pro- 
b lem because of the associated phenomenon of "cold 
welding. " Degassing a metal  surface removes the 
oxide coating that i s  characterist ically present  
within the atmosphere of the earth and protects the 
meta l  surface against ~nolecular  at traction of simi- 
l a r  clean materials .  Also the friction behveen the 
rubbing metals increases proportionately to the ex- 
tent that the surfaces a r e  degassed. A dry fi lm 
lubricant (molybdenum disulphide) was developed 
f o r  the gimbal block to reduce the increased torque 
encountered under space conditions to a tolerable 
level  well within the structural  capability of the 
engine and the vehicle. 

Spark Igniter Deficiency. The f i r s t  stat ic tes t  
stands ' that  were buiIi for the RL- 10 development 
program positioned the engines in a horizontal atti- 
tude for  firing into a long diffuser. The diffusers 
were used to crea te  a vacuum around the engine 
p r io r  to start .  Later  a dual engine tes t  stand was 
'built in.wh?eh.the engines w e r e  positioned verti- 
cally and fired downward into diffusers f rom an 
elevated facility. The f i r s t  attempt to f i re  an 
RL-10 engine vertically resulted in an explosion 
that extensively d lmaged the engine and tes t  facil- 
ities. .The ensuing investigation proved that LOX 
was introduced intd the thrust  chamber in such a 
way that i t  bypassed the igniter. During the s t a r t  
of a horizontal engine fir ing,  the LOX formed a 
pool inside the thrust  chamber. Boil-off f rom this 
pool mixed with the hydrogen to fo rm a combus- 
tible mixture for ignition. When the engine wafi 
f ired vertically, the LOX droppsd to-the bottom of. L -  

the diffuser tubes, and the ignition occurred a t  that 
point. The explosion progressed up through the 
diffusers to the engines and test facility. The cn- 
gine injector was modified s o  that both oxygen and 
fuel were  routed past  a recessed spark-torch igni- 
te r  during s t a r t  and solved the problem. 

Upra ti'ng 

There has been a sustained spectacular payload 
increase over thc years  attributed to engine im- 
provement. As shov~n i d F i g u r e  7, a n  increase of 
a lmost  800 'Ibs.of payload has resulted from engine 
improvements made over a s ix  ycar period: Essen- 
tially a l l  of these ameliorations resulted f rom itn- 
provements i:l efficiency with the ISP progressing 



* - step-wise f rom the original  design specifica- Design flexibility had to be maintained s ince  
tion l imi t  of 412 lb. s e c i l b  to a deliwered the J -2  engine was to be used in the second stage 
no~n ina l  of 442 l b  secl lb .  of the Saturn IB and the second and third stages 

of the Saturn '7, a s  shown i n  Figures 8 and 9. 

----RLIOA-I SPEC YL\ rSP. i 412 SEE . DEL \OX< SSP 

Figure  7. RL-10 Engine Contribution to Centaur 
Payload Increase  

Figure  8. Saturn IB-V, Engineis-IVB Stage 
Accomplishments 

Application . Some of the accomplishments of the  RL-10 
engine p rogram a r e  l i s ted  below: 

(1) First LH2/LOX engine r- - --- --- -- -- --- - I- - -2.. -- - .". 
(2) Developed LH2 techfiology -- -- - - ' 1 - - 
(3) Combustion Stability ! I; F I V E  1-2 IhCINfS OH 5-11 STLCL 

PROPELLAW1 
(4) Multiple s t a r t  capability - 1 .  

' F i  LOI/LH2 / ,  * 0111 l"R"l, (5) Idling and throttling capability ! . .--%&/. -..- 1 
I 

~.lzs.ooo 10; 
I 

(6) Test-bed for  other a r e a s  of technology i- 1 :  1.!50.OGO LB 
" 3 - 3 ,  ,- -": 7 ', 

LA a gL<_;' .. . . .  . 
< gg - - -, - 

The  RL-10 engine h a s  become a work-horse i n  
9- 

the pr.op1sion field. In addition to being an  ex- + I  : -. - .  l- . - 5  " - - ,I - - 
cellent experimental tool it a lso  was the fore-  

/ . 5 -  <., i {' 

; 7 * :;,-5 . <> 
runner  of the J-2 and M-1 engines. ''.s, \ , 

, \.-I 
- 'I 

y -. - 
I ;..-r, --..- % -l, .. .'r 

P a r t  11: Development of the J -2  Engine ,;-?- . - 
1 *. . 

" 7 ,  -. - 

Design ~ h i l o s o ~ 1 1 ~  \ * ~ ~ H ! C L E  ~fi.:?, n!r~ p,.sg2 < . % '4-,;1 

-- I r/\ 1 &I\ T' "'ktf!1cLE S:-S'i4 E i ' D  S U J S f ~ f i i T  zz _f 1 
The J-2  engine i s  the second major  propulsion - - &-A I 

sys tem developed using liquid hydrogen a s  the fuel. Figure  9. Saturn V, Engine/S-LT Stage .Application 
Development of the 5-2 engine was undertaken to 
5atisfy the need for a high-thrust, high-perforlPn- 
ance upper stage engine which would be capable of I t  was decided in the ear ly  stages of the Apollo 

, r e $ & r t i w  in,  space. Prdpellant utirization and P r o g r a m  that the engines for the second and 
th rus t  ~ r o g r a m ~ n i n g  required an additional flexi- third stages would be completely interchangeable. 
bility fo r  the engine system., Much of the exper- The J-2 engine requires only minor changes to 
iecce  and technology gained on the RL-10 Program permit  application in  the second and third stages. 
was di rect ly  applicable to  the J - 2  engine. Since Changes in  the insulation, orificing, and heat ex- C 

the J - 2  was  to be used on a manned vehicle. consid- changer connections a r e  required, and provisions 
erable  attention had to be  given to achieving a high must  be made for refilling the hydrogen s t a r t  bottle 
reliabil i ty through extensive component and engine fpr the S-IVB res tar t .  
sys tems  ground testing to resolve  ariy potential 
problems before flight testing. In the design of 
the 5-2, atteation has  been focused on potential Description 

failure 111odes and inhere?t design charac te r i s t i c s  The J -2  rocket engine, shown in  Figure 10, 

which could preyent these  fa i lures ;  - Welded joints i s  a 230,000-pound thrust ,  multiple-restart ,  
a r e  used throughout the engine to prevent leaks. gimballed engine utilizing liquid hydrogen and 

Dual sea l s ,  with i~ l t e rmedia te  bleeds, a r e  used 
-a t  a l l  hot gas and propellant separable connections. 

1 

5 



' ' . l iquid oxygen a s  p r o p e l l a n t s  a n d  is des igned  t o  be 
u s e d  s i n g u l a r l y  o r  c l u s t e r e d .  The engine h a s  a 
r e g c n e r a t i v e l y  coo led  t h r u s t  c h a m b e r ,  . s e p a r a t e  
LHZ a n d  LOX p u m p s  d r i v e n  by a g a s  g e n e r a t o r  
c o ~ e c t e d  i n  s e r i e s  t o  t u r b i n e s  power ing  e a c h  

p u m p ,  g a s e o u s  hydrogen  f o r  eng ine  s t a r t ,  and  a n  
i n t e g r a l  h e l i u m  c o n t r o l  b o t t l e  f o r  pneumat ic  valve 
opera t ion .  An  e l e c t r i c a l  c o n t r o l  a s s e m b l y  (ECA) 
package  c o n t r o l s  the e d g i n e  sequenc ing  a n d  pro-  
v i d e s  the h igh  vo l tage  t r a n s f o r m e r s  f o r  the s p a r k  
ignition s y s t e m .  

C 
T h e  m a j o r  p a r a m e t e r s  a r e  shown in F i g u r e  11. 

f o r  f l ight  engines. Both the f i r s t  f l ight  configura-  
tion and !he uprated configuration engines  have 
been qualified. The  f l ight  t e s t  p r o g r a m  t o  cs tab-  
l i s h  overa l l  vehicle per formanqe  h a s  verif ied the 
eng ine ' s  flight capabi l i t ies .  The 5-2 engine has  
been under  development  f o r  a l m o s t  e igh t  y e a r s .  

Extens ive  component  and  s y s t e m  tcst ing have 
d e m o n s t r a t e d  a rel iabi l i ty  of 0.9950 a t  a 50 p c r c c n t  . 
confidence level.  T h e r e  have  been 3 , 1 8 3  singlc-  
engine t e s t s  with a n  accumula ted  t e s t  t ime  of 
309,140 seconds.  T h e r e  have been 57 c l u s t e r  f i r -  
ing t e s t s ,  consis t ing of the full  five-engine c lus -  
t e r e d  configuration conducted f o r  1 0 , 1 1 3  seconds  
of f i r ing  t ime.  The J - 2  engine h a s  m a d e  four  
S a t b r n  IB f l ights  and  two f l ights  in the Sa turn  V 
vehicle. 

I I 
~ k u r e  12. J-2  Engine P r o j e c t  Mi les tones  

F i g u r e  10. 3-2 Engine 

P r o b l c l n s  (Non-Flight).  The c o u r s e  of the J - 2  
, devclopment  h a s  not been without incidents. The 

f i r s t  engine t e s ~ s  exhibited s i d e  loads  dur ing  s t a r t  

- 
a t  s e a  l eve l  conditions; however, t h e r e  have been 

. . .  

.... .... no s ide  load p r o b l e m s  while tcstirig a t  a l t i tude.  ..... .... ... The s ide  loads  w e r e  due to  g a s  flow s e p a r a t i o n s  
... ' .. .> L " 
..., .., ... inside thc th rus t  c h a m b e r .  Since the g imbal  ac tua-  

... ....,.. ... ... t o r s  w e r e  designed to take the n o r m a l  t h r u s t  load,  ........ ...-., \. .. . .  . .  m e a n s  had to be  found to contain these  s i d e  ... ,. , ,= .~ .. . loads.  T h i s  w a s  accompl i shed  bv modifying the .... 
... .....*.-. with the 'addition of s ide  Load r e s t r a i n -  
,- ...... 

, ............. ing a r m s  to physical ly  hold the engine d ~ r i n g  cn-  
, .,.... ..: ... . - -- - - .. -. . ........... -- gine s t a r t .  

~ . .  ~ ............ 
". . .  ........... 

... . . . .  F u e l  pump s t a l l  w a s  a development  p r o b l e m  .. 
..... 

: ., , . .".. e a r l y  in the p r o g r a n i ,  The.  fuel pump 'flow e n t e r e d .  
. . . . . . . . . . . . . .  ' . .-> ,. *%....*a -..I L - .. - - - L- - -. ... -- . -. ., .. the regenera t ive ly  cooled jacket  before  p a s s i n g  

'into the injector .  A s  the fucl  pump d e l i v e r e d  the 

F i g u r e  11. 5-2 Engine  P a r a m e t e r s  f i r s t  fuel  to  the re la t ive ly  warn-, c h a m b e r ,  a con-  
s i d e r a b l e  volume of hydrogen gas  w a s  c r e a t e d .  The 

D e \  e l o p ~ n e n t  P r o g r a m  g a s  could not p a s s  through the injector  a t  a r a t e  
S ign l i t can t  deve lopments  with,in the  3-2 p r o -  suffi,cient to kecp up with the flow. Thc soluLion w a s  

g r a i n  a r e  shown in F i g u r e  12. T h e  development .  to  p rech i l l  the pump and charnbcr  .irith l iquid hydro-  

t c s t  p r o g r a m  h a s  t h r e e  d i s t i n c t  face t s :  Campo-  gcn to l i m i t  the t en lpera ture  condit ions u n d r r  which 
nen t  t es t ing ,  engine s y s t c n l s  t es t ing ,  a n d  i l i g h t  - a s t a r t  w0u.l-d be at tempted.  
tes t ing.  T h e  component  t e s  tine, c o n s i s t s  of quali-. 
fying a l l  m a j o r  co1nponer;ts and  ver i f i ca t ion  tes t ing  

% 



Another problem involved sequencing of the 
main liquid oxygen valve opening, allowing an 
excessive amount of liquid oxygen to be passed 
on to the gas generator. This caused excessive 
gas temperature and pressure  spikes i n  the 
gas generator. The problem was corrected by 
changing the sequencing of the main liquid oxygen 
valve to aid in regulating the flow of liquid oxygen 
to the gas generator. This has  a lso helped to 
alleviate the previously discussed fuel pump Stall 
p rob lem 

Three serious component problems which 
occbrred during the development of the J-2 engine 
were ECA solder joints failures,  LOX turbine 
wheel cracks ,  and ECA t imer  failures. 

ECA Solder Joint Fa i lu res .  Spurious engine 
cutoff signals were encountered during checkout 
of a vehicle a t  Cape Kennedy. The signals were - 
traced to cracked solder joints in the engine ECA 
pacKage. The electrical control assembly, whish 
i s  the nerve center of the engine, sequences the 
engine operations throughout the complete cycle. 

i 
As shov..n in Figure 13, the crack occurred in 

a joint where a component was soldered into a 
printed circuit  board. Subsequent temperature 
stressing caused the joint to fail a s  shown in Fig- 
u re  14. 

BASE EYELET 

4 PRINTED CIRCUIT 
CONDUCTOR 

Figure 14. Typical Solder Joint Failure 

Since this had been recognized a s  a potential prob- 
l e m  a r e a ,  a substitute shown in Figure 15 was 
being developed in the production support program. 
The terminal solid pin acts a s  a heat sink and r e -  
sults in  a vastly improved joint in which microscopic 
cracks  that a r e  no deterrent to good continuity a r e  
occasionally encountered. 

+ ! SOLDER JOI, 

I 
1 Figure 13. ECA Solder Joint Crack 

Figure  15. Improved Solder Joint Design 

LOX Turbine Wheel Cracks. Cracking was 
detected during a routine inspection of the second 
stage LOX turbine wheel (Figure 16). 



Figure 16. LOX Turbine Wheel 

FAILED TRANSISTOR Q 2  
(CK65)  FROM J2084 TIMER 
(IMMEDIATE TIME OUT) 

VIEW LOOKING FROM 
BOTTOM OF TRANSISTOR 
CASE-HEADER 8 CHIP 
REMOVED. 

4 0 X  
,080_/t_ - 

1 RAYTHEON 

TIN/Si02 WHISKER 
IN i2:oo P'OSITION 

, \ CK65 APPROX DIA. -< 001 
TRANSISTOR APPROX LENGTH -.010 
(Actual Size) 

As shown in Figure 17 the wheel hub was cracked 
around the entire periphery. Since this wheel Figure 18. Failed ECA Timer  Transistor 
operated a t  about 8,000 rpm, the potential energy 
available could cause catastrophic results i n  case  This whisker growth is a character- 
of failure. I t  was discovered that in going through istic of noble base metals such as tin, indium, 
the mixture ratio excursion on the J-2 engine, a read and silver. The growth is  known to be accel- 
standing wave was generated in the turbine wheel erated by (x-ray), moisture, electrica~cpoten2n- 
which continued to flex the metal a t  the hub a r e a  ial  difference, and the presence of silica. Since 
until fatigue occurred. BY changing the web thick- ' the transistor has a tin plated case,  contains silica 
ness and the stiffening characteristics of the wheel gel desiccant is assembled in an uncontrolled hu- 

- - -- the destructive standing wave vibration was elim- miditxen3,ironment, has a poor hermetic seal, and - --.----p..-p. 
Enat&-- -- 

- .  i s  exposed to an electrical potential difference i t  - .  
makes an excellent test-bed for whisker growth. - 
There was concern over replacing a qualified com- 

-, - 8 7 -2 -------- \w-7 -r- -- - - ponent which had 2296 engine hot f i re  tests for  a 
' I ... 

_-- . fir-< - ;>' 
demonstrated reliability of 0.9999 a t  a 50 percent 

- -,/. --- , confidence level and 50,000 exposures in  no=-hot 
../ 
. a  ,-- x - . ~ .  f i re  tests for a reliability of 0. 9998 a t  a 50 per-  
.-.L:---'- 1. cent confidence level. This is another example 

of the Apa lo  program pushing the state of the ar t .  
The transistors were the best available in  the 
industry a t  the time they were chosen for the ap- 
plication. However, the long lead time involved .; 
in manufacturing an i tem a s  complicated a s  the 
Saturn V vehicle resulted in long storage time for 
numerous sub-components. This t ime period was 
sufficiently long enough to allow the whisker to 
grow to the extent that i t  caused a short between 
the transistor element and the case. The transis- 
to r s  were replaced with a high reliability improved 
unit made under more rigid manufacturing spec- 

' 

Figure 17. LOX Turbine Wheel Hub Crack 
ifications and with a case  material  which did not 
support whisker growth. 

ECA Timer  Fai lures .  An electrical control 
assen~bly  t imer failure occurred during checkout 
a t  Cape Kennedy. Throughout the history of the 
t imer development encompassing about eight years  
only 'eleven failures were noted. Of these failures 
six were attributed to t ransis tors  in the amer c i r -  
cuit. A thorough investigation of the p r o b j 6 ~ i  a t -  
tributed the cause to be whisker growth wiF1Gn 
the case enclosing it CI< 65 transistor w&+ i s  a n '  
integral part  of the timer. The urhisFer &.r?wth 
i s  shown in Figure 18. . . 

Problems ( F l i g x .  
AS-203 hot crossover duct. Flight data 

from AS-203 indicated that the crossover duct 
(See Figure 10) which connects the fuel turbine 
to'the oxidizer turbine did not cool a s  rapidly 
a s  anticipated and the additional energy in the 
system influenced the engine s ta r t  transient. 



% .  Due to excellent heat t ransfer  character is t ics  in 
a sea level environment, the duct had always 
cooled quickly before a r e s t a r t  t e s t  was initiated. 
Tests  were  conducted a t  the Arnold Engineering 
Development Center in an  environmental t e s t  ce l l  
in which the ent i re  Saturn S-IVB stage can be 
maintained a t  a simulated altitude of 100,000 feet  
during engine s t a r t  transient and steady s ta te  , 
operation. These tes ts  verified that the J-2 en- 
gine would s t a r t  and r e s t a r t  satisfactorily under 
large  temperature extremes by start ing with the 
propellant utilization valve wide open. This oper- 
ation insured minimum energy in the sys tem a t  
startup since the engine would be programmed fo r  
an  initial fuel r ich  mixture ra t io  which would put 
l e s s  heat into the gas generator turbine exhaust 
gases that pass  through the crossover  duct. In 
addition the crossover  duct was painted black to 
enhance the t r ans fe r  of heat out of the system. 

AS-502 Flight. Anomalies were  encountered 
in both thc S-II and S-IVB stages during flight. 
The S-I1 anomalies included environmental 

I 
changes, indicated yaw actuator malfunction, pe r -  

I formance shifts, and premature  cutoff. 

Environmental Changes. The 502 flight was  
norlnal by 501 standards until 225 seconds after 
llitoff. At that time temperature began to drop 
rapidly in sclected engine a r e a s  a s  shown in Fig- 
u res  19, 20, and 21. Engine 2 cutoff was pre-  
ceded 0 .3  seconds by indications of hot gas  im- 
pingement a s  depicted in Figures  22 and 23.  

~ 
1 

tngine 2 1l)draullc rlufd Teqcrturer 

f l rs l  llnrusl Second Tnrust 
Sl,t11 Shill 

-1% r I 

xa 
Time frola L i l l ~ f l  lsecl 

~. . .  ... 

Figure 19. Cooling Trends P r i o r  to Engine 
Number 2 Cutoff 

Cooling trends were  established by  2S0 seconds 
after liftoff and were accelerated a t  320 seconds. 
Eoth t ime inter\.als correspond closely with thrus t  
shiits. Just  prior to engine number 2 cutoff the 
engine and thrust  cone a r e a  indicated hot gas im- 
pingcment. Following engine n u k b e r  2 cutoff the re  
w a s  a cooling trend $11 the engine 2-5 quadrant inl  
dicating a cryogenic line rupture. 

fIN C 

. - 
Figure  20. Bottom View of Area Cooled P r i o r  to 

Engine Number 2 Cutoff 

- 

I 

+ 113 sec 

Figure 21. Side View.of Area Cooled P r i o r  to 
Engine Number 2 Cutoff . 

l l N A  

Figure  22. Bottom View of Area IIeatcd and 

, Cooled a t  Engine Number 2 Cutoif 



F i g u r e  23. S ide  View of A r e a s  Hea ted  a n d  Cooled 
a t  Engine  hTumber 2 Cutoff 

T h e  m o s t  p robable  s u s p e c t s  f o r  c a u s i n g  this 
type of a n o m a l y  i s  a l e a k  i n  the  augnlented s p a r k  
i g n i t e r  (ASI) fue l  o r  ox id izer  l ine  with t h e  fue l  
l ine  t h e  p r i r n e  candidate .  ( F i g u r e s  24, 25, 26,  
and 2 7 .  

F i g u r e  24. 5 - 2  Engine Ignition S y s t e m  

It h a s  been  postulated that  a slmall leal< o c -  
c u r r e d  in  t h e  l i n e  2nd contlnucd to n ian i fes t  i t se l f  
until  t h e r e  c r a s  a coinplete  rup ture .  At t h i s  point 
hot g a s e s  f r o m  the coinbustioil  c h a m b e r  would 
backflo\v th rough  one l e g  of the  r u p t u r e d  l i n e  i n  
t h e  vicini ty  of t h e  AS1 p o r t  and r e s u l t  i n  hot  g a s  
spewing out one  p a r t  of the b r e a k  and  r a v  c ryogenic  
p r o p e l l a ~ t  coming  out of t h e  o ther  s e \ - e r e d  end. 
T h i s  phenomena h a s  not been conlpletely ddpl ica ted  
unclcr con t ro l led  col idi t io~ls  a t  tile t i m e  this  p a p e r  
w a s  wr i t t en .  

F i g u r e  25. L o w e r  end of ASI F u e l  L ine  

F i g u r e  26. Upper  end of AS1 Fuel  L i n e  

F i g u r e  27.  AS1 LOX Line 



Indicated Yaw Actuator Malfunction. As shown 
in Figure  28, coincident with a sha rp  inc rease  i n  
cooling, t h e  yaw actuator AP began to inc rease  
rapidly and reached a maximum point correspond- 
ing to the second th rus t  shift exhibited by the en- 
gine. I t  was postulated that the indicated mal- 
function was the resul t  of a cryogenic propellant  
l eak  in  the vicinity of the actuator. 

An actuator p r e s s u r e  transducer was subjected 
to a s t r e a m  of liquid nitrogen to simulate a liquid 
hydrogen l eak  impingement. The p r e s s u r e  t r a n s -  
ducer (Figure  2 9 )  i s  composed of two c o n c e n t ~ i c  
helix bourdon p r e s s u r e  tubes with one attached to 
the dash pot wall and the other fastened t o  a sl id- 
ing rod. As the outer helix tube cooled rapidly 
i t  contracted fas ter  than the inner tube and gave 
a n  indication of a differential pressure .  As  the 
inner  helix tube approached the temperature  of 
the  outer one, the t ransducer  indicated a null 
position. When the cryogenic source  was re&&ed, 
the process  wab reve r sed  with the outer tube heat-  
ing up f a s t e r ,  expanding, and giving an  er roneous  
differential p res su re .  As the inner tube t emper -  
a tu re  approached the outer one a null position was  
again initiated. I t  i s  believed that the cryogenic 
sp ray  of the actuator A P  t ransducer  and/or  an  
engine performance shift could explain a l l  t he  
indicated yaw actuator anomalies. 

F igure  29. Pic tor ia l  Schematic of A P  Transducer 

,Mt4n V ~ ? l  

I Fuel Fiav R d e  
' ~ l t g l d  D2ta 

318 3 3  2! 1"_-. , - - , -2-  - -- 
Time Fro- ~ n ~ i f  Ired 

Figure  30. Engine Number 2 Thrust  Shift 

I r. Srcnnd Tlirusl Shill Prematu re  engine cutoff. Engine number 2 :. Fwsl I t ~ r ~ ~ s l  S l n l t  f. Csy~rw 2 Cut011 
-MOD- ' cutoff a t  412. 8 seconds andengine number 3 cut- 

*% 215 3~ 325 3% 375 dW A15 4 3  675 off at  414. 28 seconds after  liftoff which was short  
Ranyc l ts le  {rrO of the required  mission burn t ime by 107 seconds 

and 105. 5 seconds respectively. The reason for 
Figure  28. Yaw Actuator A P  the number Z engine cutoff was activation of Lhr 

mainstage thrus t  0. K. p ressu re  switch which had 

-Per iormance Shifts. Three  pej-forlmallce shifts  decayed to the cutoff level  a s  a resul t  of the mal-  
occurred during the S-I1 burn. The f i rs t  shift v,ras function(s). Eilgine 3 was cutoff a s  a resul t  of a 
gradual start ing a t  260 seconds af ter  liftoff and human e r r o r  in the stage assembly. IIThen solenoid 

continuing for  about 60 seconds to  a maximum of switches were  cllallged out of the stage the LOX 

6 psi drop, A sudden 20 psi deckease in cllalllber prevalve control colnmand cable on the number 2 

p r e s s u r e  occurred approximately 319'seconds after "lgine was erroneously connected to the number 

l if toff ,  and a 10 psi drop o c c u r r o f i  0, 5 seconds be- 3 engine solenoid and the cutoff signal initiated 

fo re  cutoff of the number 2 engillei As  shown in in  the nulnber 2 engine prevalve control c i rcui t  

F igure  30, a l l  pa ramete r s  i n d i c q ~ d  a drop i n  shutdovm engine number 3 .  
thrus t  a t  the 319 second data sli$Su.hich was  c lose-  
l y  si~nulatecl by the math model when prograinmed AS-502 Anornalics (S-IVD -- Stage) - A n o l ~ ~ x l i e s  

for  a l a i g e  fuel leak. A preliminary'conclusion which occurred on the  AS-502 flight in the S- IVB 
is that a leal\ in the ASI fuel line caused tile anolnaly. stage include performance shift rlurirlg f i r s t  burn, 
A,, extensive test progral,l i s  still in progress .to changes in  environmental conditions during f i r s t  

completely verify the cause of the malfunction. 
b 



burn, hydraulic system failure,  and fa i lure  of the engtne. As a resul t  of an intensive simplifica'tion 
engine to r e s t a r t  on second burn. program,  the J - 2  engine i s  programmed for a 

demonstration of design'in an uprated version in 
The f i r s t  burn of the 5-2 engine was  normal  up the  1970 time frame. 

,--- to 695 seconds after liftoff. At  that t ime the re  
was an  engine performance shift and a disturbance -- 

/ in  environmental conditions. 

The chamber p ressure  dropped, fuel pump 
discharge p ressure  increased, both the fuel  and 

I LOX injector p ressure  decreased, the fuel  in- 

I 
jector.temperature rose ,  amd the fuel  pump speed 
went to zero  rpm. Figure 31 indicates that  both 
heating and cooling occurred external t o  the  engine 
during a 15 second t ime interval. 

I 

I A sharp  drop i n  the cylinder oil temperature  

of the yaw actuator was recorded a t  695 seconds 
to correspond with the previously mentioned en- 

I vironmental changes. 

t 

Figure 31. Summary of Environlllelltal Condition 

Changes 

All precollditionillg requirements were  sa t is  - 
factory for the second burn and a l l  valves 
cycled properly.  The s t a r t  transient was nor -  
m a l  until the beginning of mainstage except for  
chamber p ressure  which failed to r i s e  to the 
desired level indicating no ignition in  the main 
chamber. The most probable cause for  the f i r s t  
burn anorrlalies and t t e  Cailure to res tact  i n  the 

P xc nt n : n r ~ l  

.&I'D 01 EEI or A S S I ~  10 c h r !  Ir rn 1 ~ 7 1  L aul i  or 
C?LhlCb l.2 S1LXi;IED tVGI1:t I W  1970. 
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Figure  32. J -2  Engine Contribution .to Saturn V 
Payload Increase 

Summary 

c r a m  has  en- The  J -2  engine development pro, 
countered problems typical of a new propulsio~l 
unit. T o  date no problem has approached the tech- 
nical  complexity of the combustion instability phen- 
omena found in the LOX-RP-1 engines. The p res -  
ence of two cryogenics makes the dynamic balance 
of the  propulsion system under a wide operating 
band a ve ry  difficult problem especially during the 
s t a r t  transient phase. The basic engine design has 
beell thoroughly evaluated and tested. 

Future Outloolr . 

The development of liquid oxygen-liquid hydrogen 
engines is but another tick mark  in the lnilestones 
of propulsion, The past trend has  been to l a rge r  
engines but now a plateau seems to be forming. 
F o r  the near  future, developments will probably 
evolve along more  versati l i ty i n  the system, higher 
impulse,  and m o r e  reliability. One of the most 
promising fields i s  the low cost booster utilizing 
either packaged storables o r  solid propellants. 

second burn i s  an AS1 fuel line failure. Math 
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models produce s imi lar  ~ e r f o r l n a n c e  shifts  for 
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